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Abstract
Organic solar cell (OSC) has been an active research ﬁeld over the past decades, due to their in-
trinsic advantages, such as low consumption of materials and energy, the applicability on ﬂex-
ible substrates and the degradability of the organic components. Compared with the solution
processing technology using polymers as electron donor materials, small molecule vacuum
deposition is regarded as a promising fabrication method, avoiding the use of toxic aromatic
solvents and guaranteeing constant batch-to-batch performance. Moreover, it is much easier to
realize multi-junction tandem solar cells (TSCs) by thermal deposition, and the leading power
conversion efﬁciency (PCE) of 13.2% was achieved using three different absorbers by vacuum
deposition (“Heliatek sets new organic photovoltaic world record efﬁciency of 13.2%” 2016).
In this dissertation, novel electron donor materials are synthesized based on the molecular
skeleton of a famous chromophore, boron dipyrromethene (BODIPY), and chemical modiﬁ-
cations are carried out to tune the intense absorption bands of these dyes to near infrared (NIR,
λ>750 nm) region. Efﬁcient small molecule NIR absorbers are highly required for TSCs, be-
cause they can construct a complementary absorption over the visible and NIR spectral region
in cooperation with a wide bandgap material.
Three β-fused aza-BODIPY molecules with heterocyclic substituents on α-positions are pre-
pared using organolithium reagents and phthalonitrile as the starting materials. The organo-
lithium reagents, namely N-methylpyrrole, N-methylindole and 2-trimethylsilylthiophene, are
used instead of commonly used Grignard reagents. Moreover, three corresponding aza-BODIPY
derivatives are obtained by replacing one ﬂuorine atom in the BF2 moiety by a cyano group.
UV-vis absorption spectra reveal that all these materials are strong NIR absorbers, and their
abortion in solid state cover a wide range from 600 to 1000 nm. OSCs with these aza-BODIPY
donors give a best PCE of 3.0%, which is a reasonable value for the NIR devices with the max-
imum and the onset of the EQE spectrum around 850 and 950 nm respectively.
A series of furan-fused BODIPYs with a electron withdrawing CF3 group on the meso-C
are synthesized, and the photophysical/electrochemical properties can be tuned easily by the
vi
electronic properties of the substituents on the peripheral aromatic rings. The most promising
candidate gives a high PCE of 6.1% in a single junction OSC with a Jsc of 13.3mA/cm2, aVoc
of 0.73V, and a FF of 62.7%. A serial connected TSC is fabricated using this BODIPY as
the low bandgap donor and a “green” donor, and its EQE spectrum covers a wide range from
400 to 900 nm. The PCE reaches 9.9% with a Jsc of 9.9mA/cm2, a Voc of 1.70V, and a FF of
59.0%.
Based on the general structure of furan-fused BODIPY, alkyl or ﬂuorinated alkyl substituents
with larger volume is introduced on either peripheral aromatic rings or the meso-C. The vari-
ations that caused by these substituents on the photophysical and electrochemical properties
are negligible. The investigations on the OSCs demonstrate that the introduction of these alkyl
chain substituents have positive inﬂuence on the PCE values, which beneﬁt mainly from the
increased photocurrent. However, there is no positive relationship between the device perfor-
mance and the volume of the alkyl chain substituents.
BODIPY molecules have been demonstrated as efﬁcient and promising NIR electron donor
materials for vacuum-deposited OSCs. Taking advantages of facile molecular modiﬁcation,
oustanding photophysical behaviors and tunable electrochemical properties, this series of dyes
are also intereting for other semiconductor devices.
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Chapter 1
Introduction
1.1 Solar Energy and Solar Cells
The rate of world energy consumption is increasing as rapidly as the development of human
civilization. From the time of the industrial revolution, the invention of machines has for-
ever changed humanity’s socio-economic-political sphere. This replacement of human and
animal labor by machines has led to the depletion of fossil fuels, like raw oil, coal, and nat-
ural gas. Until recently, the traditional fossil fuels have taken a high ratio of the total energy
consumption, 87% on average and over 90% in certain countries. Although the use of these
fuel supplies provides modern daily conveniences like faster transportation and better light-
ing, the problems caused by the over-exploitation of these non-renewable resources is hard
to overstate. Pollution of our environment is the most notable of these problems. The use
of fossil-based energy sources increases the amount of greenhouse gases, creates inhalable
particles, damages the vegetative cover and contaminates the water supply. Therefore, the
search for renewable energy sources, and the development of related technologies, has gained
tremendous attention over the past few decades. Compared with the other renewable energy
sources such as hydropower, wind energy, biomass etc., solar energy has the following ad-
vantages: (a) Solar energy can be regarded as an inﬁnite supply since only 2% of the sun’s
mass was spent during the past 1.1 billion years. The average solar radiation on the earth
orbit is 1,369W/m−2 and the solar energy that reaches our planet every second is equivalent
to that of 5,000,000 t coal. (b) No additional heat load is applied on the environment during
the consumption of solar energy to do work. No matter whether solar radiation is harnessed
or not, the total heat effect exerted on the earth is the same. Meanwhile, no toxic matter or
greenhouse gases that are common side products when consuming fossil fuels are released
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when solar energy is used. Consequently, the global warming threat can be relieved. (c) The
solar power is reliable and secured, because the rising and the setting of sun is a constant
across the world. There are negligible limitations of geography for solar energy application.
Although the cloud cover can reduce the amount of solar energy near the surface, and solar
radiation is not available at night, the energy in cloudy days is still considerable and human
activity is much less at nigh which matches the solar energy supply. To sum up, solar energy
is a desirable alternative to fossil fuel to resolve the energy crisis that we are confronting in
modern human society.
Solar energy is generated by hydrogen-helium nuclear fusion inside the sun and transferred as
electromagnetic waves. As shown in Figure 1.1.1, the solar radiation at the top of the atmo-
sphere (referred to as AM0), is close to the radiation of a black-body with a temperature of
5800K. More than 90% of the energy is located in the visible and infrared (IR) light region,
while the ultra-violet (UV) region contributes a portion less than 10%. As the solar radia-
tion passes through the atmosphere, it is attenuated by scattering and absorption. UV light
is greatly absorbed by the ozone layer. Visible light loss is largely due to the reﬂection and
scattering of the atmosphere and clouds. Water and carbon dioxide absorb a lot of IR radia-
tion which has heat effect. Thus, the radiation reaching the earth surface is conﬁned between
the near UV and near IR. Usually, sun light does not travel through the atmosphere vertically
and AM1.5 global (referred to as AM1.5G) which corresponds to 1.5 atmosphere with a so-
lar zenith angle of 48.2° is employed as a standard, because it can well reproduce the solar
illustrating condition in mid-latitudes where the world’s major population centers.[1]
There are two major application methods with regard to solar energy. One exploits the heat
effect of solar radiation to generate hot water directly, producing thermal energy for agricul-
ture and industry. The other is photovoltaic (PV) technology that can convert solar radiation
into electricity by solar cells. The latter technique attracts great interest since the ﬁrst demon-
stration of a practical silicon solar cell in 1954 at Bell Laboratories.[2] After 60 years of
development, the efﬁciency of PV modules based on inorganic materials, like crystalline sili-
con and thin ﬁlm semiconductor compounds, have reached record power conversion efﬁciency
(PCE) over 26% and 40% in laboratory conditions, respectively.[3][4] However, inorganic PV
techniques have inherent disadvantages. For the production of crystalline silicon that is the
most mature technology with a stable PCE, the ultrahigh purity demands a high energy con-
sumption and involves large material losses when cutting the blocks into slices, which leads
to long payback time. Polycrystalline or amorphous silicon are less expensive, but also less
efﬁcient (hardly exceeding 20%).[5][6][7] Other multicrystalline thin ﬁlm technologies such
as CdTe,[8] GaAs,[9] CIGS[10] and CZTS[11] either introduce rare/toxic heavy metals, or
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Figure 1.1.1: Solar spectra (AM0, yellow; AM1.5G, red) and 5800K black-body spectra
(gray).
present unsatisfactory efﬁciency values. Moreover, the choice of substrate and module shape
are restricted, making them difﬁcult to be integrated with building modules. Consequently,
large outdoor areas are required to arrange the solar cell panels.
In contrast to inorganic semiconductors, the concept of organic semiconductors was proposed
in the 1950s demonstrating that certain organic compounds could carry current as well. With
the discovery and development of the conductive polymers that led to the 2000 Nobel Prize in
Chemistry,[12] organic photovoltaic (OPV) became an active research topic.[13] In OPV de-
vices, organic small molecules or polymers with intense absorption are used to harvest photons
and convert them into electrons. The OPV technology shows several advantages which can
overcome the drawbacks of inorganic PV: (a) Organic semiconductor materials that are made
up with carbon, hydrogen, nitrogen, sulfur and oxygen etc. are environmentally friendly. Most
of these materials are biodegradable and recyclable into the ecosystem. (b) There are many
options for modiﬁcation and functionalization of OPV materials by organic synthesis. Special
properties such as tunable color and transparent device can be realized by developing novel
molecules or monomers with absorption bands in different wavelength regions. (c) A thin
active layer less than 200 nm for polymer and less than 100 nm for small molecule is possible
due to high absorption capability. The ultra-low material consumption enables light-weight
devices and low production cost. Furthermore, organic devices can be deposited on ﬂexible
substrates, allowing a cost-effective roll-to-roll processing. (d) The light-weight OPV devices
with ﬂexible substrates may be integrated with different building modules. Without the lim-
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itation of rigid and square-shaped modules, the device can be attached to or integrated into
windows, walls and roofs with customizable shape, color and transparency. Moreover, OPV
is also a perfect choice for mobile applications because of its low weight and ﬂexibility.
Owing to the advantages mentioned above, intensive research has been performed on novel
photoactive materials with outstanding photophysical and electrical properties. Normally, two
different materials with an offset on the frontier molecular orbital (FMO) energy levels are
included in the active layer of an organic solar cell (OSC). Nowadays, most OSCs are fabri-
cated with polymer and soluble fullerene derivatives via solution spin-coating method. Many
publications have reported single junction polymer OSCs with PCEs over 10%.[14] Further-
more, tandem solution-processed devices with two or three junctions have achieved PCEs over
12%.[15][16] However, there are several drawbacks for solution-processed polymer OSCs:
(a) polymer materials have less well-deﬁned molecular structure and difﬁcult puriﬁcation pro-
cedure. Thus, the synthesis conditions have great inﬂuence on the properties of the ﬁnal
products, which introduces a risk of an unstable batch-to-batch device performance; (b) the
fabrication procedure usually requires aromatic solvents like xylene and chlorinated benzene
that are harmful to both human beings and the environment; (c) Multilayer device geometry is
difﬁcult to accomplish, because the solution for the current layer may damage the already de-
posited layers below; (d) the thickness of a layer is difﬁcult to control precisely in nanoscale,
introducing undesired errors during the evaluation of the device’s performance.
To overcome these drawbacks, the vacuum thermal deposition process is an ideal option. Usu-
ally, small molecules or oligomers with molar weight lower than 1,000 g/mol are desired for
this technique. These materials have straightforward molecular structures and can be puriﬁed
by the high-vacuum gradient sublimation, which can guarantee a constant batch-to-batch de-
vice behavior. Multilayer device structure is easy to be achieved because no solvents are used
during the fabrication and the layer thickness can be well controlled in nanoscale. However,
the vacuum processed OSCs cannot beneﬁt from additives and post solvent treatment to assist
the formation of an ideal active layer morphology for enhanced parameters, which is widely
employed for the solution processed counterparts and the PCEs of vacuum processed devices
are still far from satisfying. Continuous research efforts have been concentrated on the devel-
oping of new small molecule materials for vacuum processed OSCs. As shown in Figure 1.1.2,
phthalocyanine derivatives coordinating with copper (CuPc) or zinc (ZnPc) can be regarded as
the pioneering materials in small molecule OSCs. Although they possess high extinction and
absorption coefﬁcients, their relatively narrow absorption bands limited the PCEs of their sin-
gle junction devices to around 3.5% and 3.0%, respectively.[17][18] Chemical modiﬁcations
on the peripheral phthalocyanine moiety were carried out afterwards. The ﬂuorinated deriva-
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Figure 1.1.2: Molecular structures of phthalocyanine and subphthalocyanine dyes for vacuum-
processed OSCs
tive F4ZnPc was synthesized by introducing ﬂuorine atoms in each of the phenyl rings. The
ﬂuorine substituents did not signiﬁcantly inﬂuence the optical gap compared with ZnPc and
a 4.6% PCE was reached in the optimal OSC.[19] As the analogy of phthalocyanine, subph-
thalocyanine derivative chloroboron subphthalocyanine (SubPc) showed its potential in OSCs.
In the primary study, the PCE of the OSC based on SubPc was 3.7%[20] and this value was
enhanced to 4.2% by employing gradient-concentrated active layer.[21] The SubPc derivative
chloroboron subnaphthalocyanine (SubNc) with extended conjugation structures presented re-
duced optical bandgap and the PCE can be 2.5% in a not fully optimized device.[22]
As illustrated in Figure 1.1.3, the Donor-Acceptor conjugation concept (D-A concept) was
popular in the design of OPV molecules, because the photophysical properties can be tuned
by changing the building blocks with different electron donating/withdrawing properties or
varying the arrangement of the D and A moieties. Using diphenylamino as the donor part
and dicyanovinyl as the acceptor part, a D-A molecule DPTMM was reported and a PCE of
2.5% was obtained.[23] Further device optimization improved the PCE to 4.0%.[24] Based
on its structure, four derivatives P1NTMM, P2NTMM, 1N2NTMM and D2NTMM were syn-
thesized by modifying the donor part by 1- or 2-naphthyl moieties. The best PCE of the
derivatives was observed in P2NTMM device being 3.4%.[25] By changing the acceptor part,
another D-A molecule DPITM was prepared and a PCE of 3.0% was obtained.[23] To fur-
ther increase the dipole moment of the molecules, the D-A-A’ structure was adopted with one
donor and two different acceptor moieties. In 2011, a small molecule DTDCTB was reported
and presented a promising PCE of 5.8%.[26] Soon after that, a pyrimidine block was intro-
duced to replace the benzothiadiazole moiety and DTDCTP was synthesized, presenting even
better performance in OSC with a PCE of 6.4%.[27] By further modifying the connecting
group of DTDCTB from the thiophene to a phenyl ring, DTDCPB was synthesized and pro-
vided a slightly enhanced PCE of 6.6%.[28] A encouraging PCE of 7.9% was obtained by a
fully device optimization.[29] Another two D-A-A’ structural isomers anti/synBTDC with dif-
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Figure 1.1.3: Molecular structures of dyes with D-A conjugation concept for vacuum-
processed OSCs
ferent thienyl ring arrangements were reported recently. In the single junction device, PCEs of
7.2% and 6.1% were obtained.[30] Molecules with donor-π conjugation link-acceptor (D-pi-
A) structures DTTh and DTTz were synthesized in 2014. The OSCs based on them presented
PCEs of 5.4% and 6.2% respectively.[31] Molecules with a symmetric A-D-A structure were
believed possessing more effective intramolecular charge transfer than the D-A structure. In
2014, an efﬁcient A-D-A type small molecule DCV-SN5 with the dicyanovinyl acceptors and a
donor backbone consisting of ﬁve linearly-fused alternating thiophene and pyrrole rings. With
a substrate temperature variation during the deposition, the best PCE can reach 6.5%.[32] By
extending the alkyl chain and the fused donor part, two derivatives DTPT and DTPTT were
developed. The PCE of DTPT device that reached 5.6% was superior to that of DTPTT.[33]
In 2015, a new A-D-A molecule DCC3T-Me was prepared with a methyl substituted olig-
othiophene as the donor unit and two 1-(1,1-dicyanomethylene)-cyclohex-2-ene blocks as the
acceptor units and the device PCE was measured to be 4.4%.[34]
Another successful class of small molecules is the dicyanovinyl substituted oligothiophenes
that have partial A-D-A property as shown in Figure 1.1.4. The ﬁrst example DCV5T-Bu
was reported in 2006. A PCE of 3.4% was obtained by testing different adjacent layer
materials.[35] Later in 2011, systematic research was carried out to explore the inﬂuence
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Figure 1.1.4: Molecular structures of oligothiophenes with dicyanocinyl end groups for
vacuum-processed OSCs
Figure 1.1.5: Molecular structures of some other reported molecules for vacuum-processed
OSCs
of the oligothiophene backbone length on OSC performance, it was found that DCV5T with
ﬁve conjugated thiophene rings show the most promising PCE of 5.2%.[36] At the same time,
the interrelation between the crystal packing and the OSC performance was studied by intro-
ducing methyl or ethyl groups on the quaterthiophene analogs. The derivative with methyl
substituents DCV4T-Me presented the highest number of non-bonding short contacts in the
solid state which leads to a superior morphology, resulting in a PCE of 3.8%.[37] Inspired
by the achieved results, methyl groups were introduced in DCV5T symmetrically to develop
DCV5T-Me, DCV5T-Me’ and DCV5T-Me”. The PCEs of DCV5T-Me’ and DCV5T-Me”
were the same of 4.8%, while DCV5T-Me presented the highest PCE of 6.9% among all the
vacuum processed OSCs with dicyanovinyl substituted oligothiophenes[38] and a further de-
vice optimization enhanced the PCE to 8.3%.[39]
There are also some other types of small molecules being applied in OSCs as presented in
Figure 1.1.5. In 2010, diindenoperlene was used to fabricate an OSC and the PCE value was
4.1% for the device with planar mixed geometry.[40] In 2012, a merocyanine dye derivative
HB194 that had been reported with unsatisfying PCE in vacuum processed OSCs was studied
by optimizing the device geometry and the highest PCE was measured as 6.1%.[41] However,
limited by the inconvenient chemical modiﬁcation of these candidates regarding to their rel-
atively complicated synthetic routes, the investigations on these series of molecules are still
rare.
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In order to maximize the harness of solar radiation and to take advantage of the vacuum de-
position for multilayer devices, vacuum processed tandem OSCs including two or more small
molecule dyes with matched absorption windows are designed. In 2011, a tandem device with
ﬁfteen deposited layers was fabricated and characterized with a PCE of 5.6%.[42] Although
the PCE is not high enough, it was higher than each of the subcells. This demonstrated that
vacuum deposition method is favorable for devices with complicated stacks and tandem ge-
ometry is possible to improve the performance by building up a complementary absorption.
In 2014, a tandem device with ten deposited layers was reported using DTDCTB as the low
bandgap material to harvest the long wavelength light and a UV-to-yellow absorber DBP to
absorb the high energy radiation. The absorption spectra was extended to 850 nm and the
PCE exceeded 10.0%. Moreover, a triple junction device with ﬁfteen deposited layers was
demonstrated with one DTDCTB subcell sandwiched by two DBP subcells achieved a high
PCE of 11.1%.[43] In 2015, a fourteen-layer tandem OSC was reported with DTTz as the vis-
ible light absorber and DTDCTB as the near infrared (NIR) absorber and a PCE of 9.2% was
realized in the optimal device.[44] Last year, a triple junction tandem solar cell with twenty
two deposited layer was realized, which again demonstrated the superior advantage of vacuum
processing method in the fabricating of complicated multilayer stacks. The visible light was
harvested by DCV5T-Me and Ph-BDP, a boron dipyrromethene (BODIPY) derivative which
will be the main research topics of this dissertation, was employed as the NIR absorber. Al-
though the BODIPY dye presented a limited PCE of 3.8% in single junction OSC, the PCE
of the tandem device still reached 10.4%.[45] Recently, Heliatek reported a PCE of 13.2%
for a multijunction OSC, setting a new world record for OPV. This demonstration encourages
the research in OPV to make effort to getting close to the upper limitation of solar energy-to-
electricity conversion efﬁciency.
1.2 Motivation of this Dissertation
On the one hand, considering the tremendous amount of possible small molecules and oligomers
given the large variety in organic building blocks and synthetic methods, the numbers of the
successful candidates for vacuum processed OSCs are extremely small. It is believed that the
PCE of vacuum processed OSCs with novel materials can approach 10%. For this purpose,
in addition to phthalocyanine or subphthalocyanine and those with D-A concept, other series
of molecules with facile synthetic procedures and rich modiﬁcation possibilities deserved to
be investigated in OPV applications. On the other hand, although vacuum processed tandem
OSCs have comparable PCEs with the solution processed counterparts, the efﬁciency of vac-
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Table 1.2.1: Summarized photophysical properties of selected high efﬁciency small molecules
for vacuum-processed OSCs
uum deposited single junction OSCs is much lower than that of solution processed polymer
OSCs. If efﬁcient NIR small molecule absorbers can be developed, the absorption onset of
vacuum processed tandem OSCs can be shifted bathochromically and the PCE may be higher
than the polymer tandem OSCs. However, as summarized in Table 1.2.1, it can be found that
the ratio of long wavelength absorbing materials is quite low. All, except BODIPY deriva-
tive, have absorption band mainly located in visible region, which means only photons with a
wavelength from 430–700 nm can be harvested and converted. It will be of great interesting
to develop efﬁcient red or NIR absorbers, since they can greatly broaden the absorption band
and build a complementary cover of the solar spectrum for tandem devices.
Representing an important family of dyes, BODIPY have been intensively studied in many
different ﬁelds, such as chemical sensor,[46] bio-probes[47] and photodynamic therapy.[48]
Meanwhile, the exploring of synthetic methods for novel BODIPYs has been a hot research
topic in organic chemistry and the BODIPYs modiﬁed for certain functional applications are
reported continuously.[49] Although most of the applications take advantages of the intensive,
highly structured and tunable emission of BODIPY, their absorption properties are fascinat-
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ing with high extinction coefﬁcients and straightforward structure-wavelength relationships.
Thus, we focus on developing BODIPY derivatives as deep red and NIR absorbers for vacuum
processed OSCs and try to ﬁgure out the structure-property relationships for not only a single
molecule but also OSC devices.
1.3 Outline of the Dissertation
Since the investigation and discussion of novel OPV materials spans many orders of magnitude
in size from nanometer to centimeter, from molecular level up to real device, the general intro-
duction of the heterojunction OSCs in Chapter 2 will provide background knowledge about
semiconductor materials including molecule structures, the conjugation, the FMO theory and
photophysical/electronic properties in semiconductor ﬁlms. Then, we will focus on the device
geometry and electron behavior in OSCs. In order to develop new BODIPY molecules, a gen-
eral background on BODIPY and different synthetic routs regarding to various derivatives will
be reviewed in Chapter 3. Since the promising photoelectronic properties of BODIPY have
been previously demonstrated in real devices, these results will be summarized in Chapter
4. In order to achieve a really long wavelength absorption, aza-BODIPY with a nitrogen re-
placing the carbon in meso- position is a practical option. Three aza-BODIPY materials with
heterocyclic ring substituents were synthesized for the ﬁrst time using a newly developed route
via heterocyclic organolithium reagents and the phthalonitrile. Furthermore, we demonstrated
the possibility of replacing the ﬂuorine atoms in BF2 moiety with cyano groups to form the
corresponding derivatives with BF(CN) and BF(CN)2 structures. Finally, three heterocyclic
substituted aza-BODIPY derivatives with the BF(CN) moiety were prepared. These six novel
materials were tested in OSCs afterwards and all the results and discussions are included in
Chapter 5. Then, in order to further improve the performance of BODIPY OSCs, furan fused
BODIPYs with CF3 group on the meso- position were synthesized and tested in solar cells.
According to the enhancement trend from the primary device results, molecular modiﬁcations
by the extension of peripheral chain structures were conducted. A high performance tandem
OSC was also realized with one of these material. This part is compacted in Chapter 6. In
Chapter 7, the conclusion and outlook will be summarized and the experimental details for
both chemistry and device physics can be found in Chapter 8.
Chapter 2
Basics of Heterojunction Oganic Solar
Cells
In the ﬁeld of chemistry, metals are considered as good conductors of electricity, and organic
compounds (consisting of C, H, O, N, F, P and/or S etc.) are traditionally considered to be
insulators. The ﬁrst observation of semiconducting phenomena was in 1833 by Michael Fara-
day in AgS, but the concept of semiconductors was established only after the 1930s. In 1950s,
a high conductivity of 0.12 S/cm was reported in polycyclic aromatic compounds, indicating
that organic compounds could carry current. This corrected the traditional knowledge, and
organic semiconductors came into sight as a novel research ﬁeld.
2.1 From Atoms to Organic Semiconductor Molecules
2.1.1 Conjugation and Conjugation Effect
The reason why organic compounds were regarded as electrical insulators is that electrons
in these molecules are strongly conﬁned in covalent bonds, and there are no charge carriers
that can serve like free electrons in metals. For inorganic semiconductors, such as Si, Ge,
GaAs etc., a proper doping mechanism will introduce free charge carriers throughout the bulk
of the material, supporting long-distance charge transfer. The charge transfer mechanism in
organic materials is quite different. There is a conjugation effect where the π orbitals overlap
each other and over adjacent σ bonds. Electrons do not belong to any speciﬁc orbital but are
delocalized over the entire conjugated orbital system. This conjugation effect can be regarded
as the hallmark of organic semiconductors, resulting in electrons that stay within the molecule,
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Figure 2.1.1: The 2s22p2 arrangement of the valence electrons in a C atom is shown in the
top line. Three hybridization types are presented in the middle line, and the corresponding
example compounds are illustrated in the bottom line. The σ bonds are indicated by black
lines between two atoms, and they are occupied by two electrons (red arrows) with different
spin numbers. For a C-H bond, one of these electrons is donated by a C hybrid orbital, and
the other is donated by the H 1s orbital. For a C-C bond, both electrons are donated by the C
hybrid orbitals. The electrons in the non-hybridized 2p orbitals are indicated as blue arrows,
and the formed π bond is indicated by the blue dash lines or loops.
only moving to a neighboring molecule when their π orbitals coincide.
The conjugation effect always leads to an averaged bond length in the system, an increased
complanation degree of the system and an energetic stabilization inside the system. There
are several theories aiming to ﬁgure out the conjugation behaviors. These include the Kekulé
Formula that was the ﬁrst reasonable explanation for the benzene structure (Kekulé, 1865),
the Valence Bond Theory (Gilbert N. Lewis, 1916), the Molecular Orbital Theory (Friedrich
Hund, Robert Mulliken, John C. Slater, John Lennard-Jones, 1929), and the Hybrid Orbital
Theory (Linus C. Pauling, 1931). The last theory is the one most widely chosen to explain
the molecular geometries and properties. Accordingly, as the absolute main constituent of
organic compounds, C proﬁts from its valence electron conﬁguration 2s22p2. This 2s22p2
conﬁguration can result in three types of sp hybridized orbital (sp1, sp2 and sp3), leading to
an abundant group of extraordinarily diverse molecules
The schematic illustration of each hybridization type and some corresponding examples are
presented in Figure 2.1.1. For the sp3 hybridization, the 2s and three 2p atomic orbitals (AOs)
result in four equal sp3 hybrid orbitals, and these hybrid orbitals adopt a tetrahedral geometry
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occupied by the four electrons with the same spin number. Taking a methane molecule as an
example, these four sp3 hybrid orbitals establish four σ bonds via the “head-to-head” direct
overlapping with the 1s AOs of four H atoms. Beside the methane molecule, the C in the
methyl, triﬂuoromethyl, methoxyl and alkyl chain substituents possess this hybridization type.
It can be found that all the valence electrons of C are included in the σ bonds and there are no
non-hybridized p orbital electrons which can form π bonds. Thus, a sp3 hybridized C is not the
building block of the conjugation structure. For the sp2 hybridization, the 2s and two 2p AOs
form three sp2 hybrid orbitals and are occupied by three electrons, with the remaining electron
located on the non-hybridized 2p AO. The hybrid orbitals taking a ﬂat triangle structure and
the 2p orbital is vertical to this surface. For example, in an ethylene molecule, each C atom
establishes three σ bonds to connect two H atoms and the other C via the sp2 hybrid orbitals.
The electron clouds of the two 2p orbitals consequently have a “shoulder-to-shoulder” overlap
and a π bond is formed between these two C atoms. The ethylene molecule presents a ﬂat
geometry, and the two C atoms are connected by not only a σ bond but also a π bond. The
length of this double bond is shorter than a single C–C σ bond. The C=C double bond is the
main constituent of a conjugation structure that is usually depicted as a series of alternating
C–C and C=C bonds. Furthermore, all the C atoms in the conjugation molecule benzene have
sp2 hybridization, forming three σ bonds with the two adjacent C atoms and a H atom. The
molecule presents a planar six-membered ring structure and the six 2p electrons form a highly
delocalized conjugating large π bond over the entire molecule, averaging all the bond lengths
between C atoms. The number of π electrons, six, agrees with 4n+2 (Hückel’s rule), which
makes the benzene molecule an aromatic structure with additional stability. Thus, a fused or
single bond connected phenyl moiety as well as other aromatic rings are important constituents
of conjugated structures. For the sp1 hybridization, the 2s and one 2pAOs form two sp1 hybrid
orbitals in a linear structure, leaving two non-hybridized 2p orbitals. An acetylene molecule
is a good example to understand the sp1 hybridization. Each C atom establishes two σ bonds
via sp1 hybrid orbitals with a H atom and the other C atom. The four 2p electrons forms two
π bonds surrounding the C–C σ bond, resulting in a linear geometry with a C≡C triple bond
whose bond length is even shorter than a single or a double bond. Like sp2 hybridization,
sp1 C also can be included in the conjugation structure. The conjugation discussed above is
usually called the common conjugation or the π-π conjugation. When an atom that has a lone
electron pair in its p AO is included in a conjugation structure, their p electrons also have
an effect on the conjugation structure. This is called the electronic conjugation or the p−π
conjugation.
The conjugation effect is a kind of electronic effect which can inﬂuence the electron density
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distribution over the molecule. This affects corresponding properties such as the molecular
geometry, the chemical reactivity, and the total energy in consequence. The conjugation effect
is determined by not only the electronegativity of the connected atoms but also the condition
of the electron lone pairs. Since conjugation effects are exerted across the whole conjugation
structure, it can be regarded as a long-range effect. For the π-π conjugation with a general
structure A=B–X=Y, such as CH2=CH–CH=O, if atom Y (O) has the largest electronegativity,
the conjugating π electron density will lean to the X=Y part. Thus, the carbonyl group presents
an electron withdrawing conjugation effect. For the p–π conjugation with a general structure
A=B–Z, if Z has a lone electron pair in its p AOs, such as halogen atoms, amino groups,
or a methoxyl group, these p electrons can be involved in the conjugation structure and the
conjugating π electron density can be increased, resulting in an electron donating conjugation
effect. However, if Z has empty p AOs, such as alkyl substituents, a partial conjugating π
electron density will extend to Z, which shows an electron withdrawing conjugation effect in
consequence.
2.1.2 Substituents and Inductive Effect
In spite of the changing of conjugation structures, introduction of different kinds of sub-
stituents is another signiﬁcant chemical modiﬁcation method to tune the distribution of elec-
tron density, and to exert inﬂuence on the molecular properties. Commonly used substituents
include halogen atoms, alkyl chain moieties, ﬂuorinated alkyl chain moieties, alkoxyl groups,
cyano group, and aromatic rings etc. Due to the different electronegativities of the various sub-
stituents, their inﬂuence on the electron density, called the inductive effect, is observed along
the σ bonds, and results in a permanent dipole. However, unlike the conjugation effect, the
induced change in polarity is less than the original polarity, and the magnitude of the inductive
effect can be diminished signiﬁcantly within a length of several atoms. Usually, an H atom is
employed as a reference, if the electronegativity of an atom or a moiety is larger than H, such
as halogens, –CN, –CHO, –COOH et al., it is an electron withdrawing substituent with nega-
tive inductive effect. In contrast, if a substituent has smaller electronegativity, like alkyl chain
moieties and alkoxyl groups, electron donating inductive effect or positive inductive effect can
be observed.
There are several empirical laws to determine the sequence of the inductive effect: (a) In the
same element group, the inductive effect of the element that has a higher atomic number is
lower. In the same element period, the element that has a higher atomic number presents
a larger inductive effect; (b) The moiety that has a higher undersaturation degree shows a
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Figure 2.1.2: The principle of matched symmetrical characteristic for AOs to form MOs. The
circles indicate the corresponding s or p orbitals. The “+” and “–” are used to present the
corresponding phases of the wavefunctions of the orbitals. These bonding principles greatly
inﬂuence the molecular geometry, because the orbitals have certain spacial directions.
higher inductive effect due to the higher composition of s AO in the hybrid molecular orbitals;
(c) Positively charged moieties have negative inductive effect, while the negatively charged
moieties have positive inductive effect.
2.1.3 Frontier Molecular Orbitals
The concept of molecular orbitals (MOs) can be regarded as the extension of atomic orbital
theory into molecular systems, and was originally developed as a chemical bond theory. The
molecule is treated as a whole, in which the electrons belong to the molecule instead of the
individual atoms. The MOs that can be calculated theoretically by wavefunction ΨMO spread
over the whole molecule and the electrons in different MOs have different spatial moving
conditions, while the value of |ΨMO|2 indicates the probability of an electron to appear in the
space, which is traditionally called an electron cloud. Since theΨMO is generated by the linear
combination of the wavefunctions of the AOs, the numbers of the obtainedΨMO is equal to the
numbers of the AOs that are included in the molecule. Normally, the MOs with lower energy
than the involved AOs are called bonding orbitals, marked as σ, π and δ, and those with higher
energy are called anti-bonding orbitals, marked as σ*, π* and δ*. However, there can be AOs
that do not participate in the construction of the MOs. Thus, they are referred as non-bonding
orbitals. The electrons on the non-bonding orbitals can be regarded as a lone electron pair. In
order to form MOs, the AOs should obey the following principles:
The matched symmetrical characteristic. The MOs can be built efﬁciently by the AOs
that have a matched symmetrical characteristic. As illustrated in Figure 2.1.2, two s-AOs
can form a bonding MO σ and an anti-bonding MO σ* effectively, due to the homogeneous
wavefunction property of the s-AO. (b) and (c) present the possible combination of a s-and a
p-AO. For (b), the two overlap areas have opposite characteristics, and the net bonding effect
is zero. Thus, these two AOs cannot form a MO in this orientation. However, if the p-AO is in
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the direction shown in (c), the two AOs involved in the overlap share the same wavefunction
characteristic, then the bonding σ-MO and anti-bonding σ*-MO can be constructed. The
situation (d) is similar as in (b), and the formation of MO is not possible for two p-AOs in
such orientation. However, for (e) and (f), bonding σ and π MOs as well as the corresponding
anti-bonding σ* and π* MOs can be realized by “head-to-head” and “shoulder-to-shoulder”
orientations between two respective p-AOs.
Owning close energy levels. Only two AOs with closely lying energy levels can form MOs
efﬁciently. As schematically depicted in Figure 2.1.3, two AOs with similar energy shown in
condition (a) can form a bonding MO whose energy is lower than the low lying AO, and an
anti-bonding AO whose energy is higher than the high lying AO. The closer the AO energy
levels are, the more effective the forming of MOs will be. When moving to condition (b),
where the energy gap of the two AOs is bigger than (a), it can be found that the energy offset
between ϕAO1 and the bonding MO is small, which indicates that the stabilization effect from
atoms to molecule is decreased. Thus, the forming of MOs in condition (b) is less effective
than in (a). Further increase of the energy gap between AOs will lead to a failure in the
constructing of MOs as illustrated in condition (c). This condition is more likely to result in a
charge transfer, and an ionic bond can be expected.
Maximum overlap. Chemical bonds are preferentially established along the direction where
the overlap of the AOs is at a maximum. As presented in Figure 2.1.4, (a) is the more favorable
condition in forming MOs, due to its maximum overlap that can lower the bonding energy level
more efﬁciently than (b).
When considering molecules with several atoms, the bonding diagram can be extremely com-
plicated. The MO scheme of benzene is illustrated in Figure 2.1.5 as an example. The whole
molecule has 42 electrons (C6H6, 6 for each C and 1 for each H) and 30 of them are valence
Figure 2.1.3: The principle of close lying energy levels for AOs to form MOs. Condition
(a) provides greater stabilization effect than (b) from the free atoms to a molecule. Electron
transfer is more like to happen in condition (c) due to the large energy offset and an ionic bond
can be established.
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Figure 2.1.4: The principle of maximum overlap for AOs to form MOs. Condition (a) is more
preferred theoretically than (b) in forming the MOs due to a bigger overlap between the two
AOs.
electrons. Due to the deep 1s AOs of C, the 12 electrons on them cannot be included in the
constitution of MOs, due to the big energy offset between 1s AO of C and H. The 2s and 2p
AOs of the C atoms are hybridized into sp2 hybrid orbitals and take participate in the con-
stitution of MOs with the 1s AO of a H. By “head-to-head” orbital orientation between C–C
sp2–sp2 and C–H sp2–s, 12 σ bonding MOs and 12 σ* anti-bonding MOs are constructed, set-
tling 24 valence electrons. The left six p orbitals take the “shoulder-to-shoulder” orientation
and result in 3 π bonding MOs and 3 π* anti-bonding MOs. The 6 p electrons are localized on
the three bonding π MOs consequently.
For closed-shell molecules, the bonding or non-bonding MOs are occupied by electron pairs
with different spin numbers. Thus, the occupied MO with the highest energy level against
the vacuum is referred as the highest occupied molecular orbital (HOMO), while the anti-
bonding or empty MO with the lowest energy level is called the lowest unoccupied molecular
orbital (LUMO). The MOs below the HOMO and those higher than the LUMO are marked as
HOMO-1, HOMO-2, HOMO-3. . . and LUMO+1, LUMO+2 LUMO+3. . . , which are com-
monly called FMOs. The signiﬁcant photophysical and electrochemical properties are mainly
determined by the FMOs characteristics, including the energetic arrangement sequence and
the localization on different part of the molecule. The positions of the HOMO and LUMO are
also critical for the OSC parameters, and will be discussed in detail in paragraph 2.3
From the perspective of chemical modiﬁcation, both conjugation and inductive effects are able
to alter the energy levels of the FMOs, especially the HOMO and LUMO. With the extension
of the conjugated π structure, the delocalization range of the π electrons is increased. Mean-
while, the bonds in the molecules with larger conjugated π structures are more homogeneous
due to efﬁcient electron delocalization. Thus, the π bonding MO (HOMO) will be lifted and
the π* anti-bonding MO (LUMO) will be reduced, which resembles condition (a) more than
(b) shown in Figure 2.1.3. As a result, the HOMO–LUMO energy gap will be decreased. Since
the absorption peak position of a molecule is mainly determined by this gap value, the exten-
sion of conjugated π structure always leads to a bathochromically shifted absorption band.
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Figure 2.1.5: MOs diagrams of benzene. The bonding and anti-bonding π orbitals are illus-
trated with different colors representing different phases of the wavefunctions.
As listed in Figure 2.1.6, the absorption peak of benzene is around 255 nm, which indicates
a HOMO–LUMO gap of around 4.9 eV. With the increase of the fused phenyl ring, the ab-
sorption maximum is shifted to 580 nm in pentacene, and the gap decreased to around 2.1 eV,
resulting in an absorbing wavelength range shift from UV to visible light.[50] Furthermore,
the energy levels of the FMOs can be effectively tuned by introducing substituents with either
positive or negative inductive effect. When adding electron donating groups whose occupied
MOs have a high energy, the result is that the HOMO and LUMO of the whole molecule can
be destabilized at the same time. However, the HOMO and LUMO can be stabilized by intro-
ducing electron withdrawing groups, due to their relatively low lying MOs. Since the HOMO
and LUMO have the same changing trends when the molecules are modiﬁed by these groups,
the HOMO–LUMO energy gap can be either decreased or increased according to the different
types of substituents.
The electron donating or withdrawing character stemming from conjugation or inductive effect
can exist at the same time in certain moieties. Two simple examples are the alkyl chain and the
ﬂuorine atom. For the alkyl chain, its electron withdrawing character is due to the conjugation
effect, while the electron donating character is due to the inductive effect. Thus, the two
inconsistent effects jointly make the alkyl chain a weak electron donating substituent. For
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Figure 2.1.6: Molecular structure of homologous linear fused phenyl ring molecules from
benzene to pentacene with respective π electron numbers and the lowest energy absorption
maximum in solution at room temperature. It can be found that the absorption maximum
shifts from the UV region to the visible region, indicating the decreasing HOMO/LUMO
energy band gap that is attributed to the increasing conjugated structure.
ﬂuorine atoms, the electron withdrawing property is due to the inductive effect, and electron
donating property is found due to the conjugation effect, which results in a weak electron
withdrawing property. It is of great interest to know the electronic properties of a certain
substituent or a moiety in advance of the molecular design and to predict the effect of it on the
photophysical and electrochemical properties.
2.1.4 Building Blocks for Organic Semiconductors
Substituents
Methoxyl: As the simplest alkoxy group, a methoxyl group has the formula R–O–CH3 with the
methyl group bound to a sp2 hybridized O (1s22s22p4). Although the O atom has a stronger
electronegativity than H that leads the electron withdrawing inductive effect, its non-hybrid
pz orbital can be involved in the conjugation structure resulting in efﬁcient electron donating
p-π conjugation. Meanwhile, the methyl group also has a certain electron donating inductive
effect. Consequently, the methoxyl group attached to the conjugation structure is a relatively
strong electron donating group.
Triﬂuoromethyl: As the simplest ﬂuorinated alkyl chain substituent, triﬂuoromethyl has the
formula R–CF3 with the three H atoms on a methyl group replaced by the F atoms. Although F
has electron donating p-π conjugation effect, it is interrupted by the sp3 hybridized C. Mean-
while, F has a strong electronegativity, making the whole triﬂuoromethyl group a relatively
strong electron withdrawing group. Consequently, a triﬂuoromethyl group is a quite strong
electron withdrawing substituent.
Cyano: Due to the high stability of the triple bond (one σ bond and two orthometric π bonds)
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between the C and N atom, the cyano group is usually regarded as a whole and trivially named
as pseudohalogen. Since both the C and N atom adopt sp1 hybridization, the cyano group has
a linear structure. Due to the electronegativity of N and the strong polarity of the triple bond,
a cyano group has consistent electron withdrawing inductive and conjugation effects, making
it a strong electron withdrawing substituent.
Six-membered aromatic rings
Phenyl: possessing six π electrons like benzene, the phenyl ring is an aromatic functional
group that can be connected to a conjugated structure to extend the conjugation size. Since
the six C have a homogeneous electron density, the electron donating or withdrawing effect
can be ignored in a phenyl group and it can be regarded as a “neutral” substituent. Therefore,
the phenyl ring is one of the most important building blocks to extend conjugation structure
without introducing the inductive effect. Moreover, it is also widely used as the π bridge to link
the donor and acceptor parts in D–A molecules without disturbing the conjugated structure of
the whole molecule.
Pyridine: pyridine is the simplest heterocyclic six-membered ring with N (1s22s22p3) and it
is formed by replacing a CH in benzene by a N. All the atoms have sp2 hybridization and the
bonding condition for C in a pyridine is exactly the same as in benzene. For N, two σ bonds are
established with the adjacent C and a lone electron pair occupies the third sp2 hybrid orbital.
The electron in the pz orbital donates to the large π bond. Thus, pyridine is also an aromatic
ring with six π electrons in the conjugated structure. Due to C–N bonds being shorter than
the C–C bond, the ﬂat hexagonal geometry of a pyridine is slightly distorted. The pyridyl
can serve as a functional group that is able to extend the conjugated structure and introduces
a certain electron withdrawing effect due to the increased electronegativity of N. Meanwhile,
the lone electron pair on the N has a nucleophilic capability, making it a potential site for a
hydrogen bond or a coordinating bond.
Diazine and Triazine: these are analogs of the pyridine with two or three of the CH replaced
by N. They are aromatic conjugated structures, and their lone electron pairs are included in the
plane of the ring on the N sp2 hybrid orbitals. For each of them, there are three isomers with
different arrangements of the N atoms. Although the electron withdrawing strength diverses
from isomer to isomer, all of these moieties can extend the size of a conjugated structure.
Five-membered aromatic rings
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Pyrrole: both C and N establish three σ bonds via sp2 hybrid orbitals. Unlike N in pyridine,
N in pyrrole establishes these σ bonds with three valence electrons, and the left two electrons
on the pz orbital are involved in the large π bond. Thus, there is no electron lone pair on the N
atom in pyrrole. The number of the π electrons in the ﬁve-membered pyrrole ring is still six,
making it an aromatic structure. The pyrrole ring is an electron-rich or a π-excessive ring, and
the electron donating conjugation effect is more pronounced than the electron withdrawing
inductive effect. When a pyrrole ring is attached to the molecule via C, it serves as a weak
electron donating substituent and the conjugated structure can be enlarged at the same time.
Furan: the O atom has sp2 hybridization and is connected with two C atoms via σ bonds. The
left four electrons occupy the third sp2 hybrid orbital located in the plane of the ring and the
orthometric pz orbital. Only electrons in pz orbital are involved in the construction of the π
bond. Thus, furan is an aromatic conjugated structure with four π electrons from C atoms and
two from an O atom. Like pyrrole, furan is also an electron-rich aromatic ring. The average
electron density over each member of the ring is higher than 1, which leads to an electron-
donating conjugation effect. However, due to the higher electronegativity of the O atom than
the N atom, a furan group is more like phenyl than pyrrole, presenting neither an electron
withdrawing nor an electron donating effect.
Thiophene: as an element in the same group as O, the S (1s22s22p63s23p4) atom has sp2
hybridization in thiophene. Two σ bonds are established with C atoms and the third sp2
hybrid orbital is occupied by a lone pair. The pz orbital of S is involved in the large π bond
donating two electrons and the six π electrons make thiophene an electron-rich aromatic ring.
Since the electronegativity of the S atom is smaller than the O atom and the 3p orbital has a
larger volume, the electron donating conjugation effect is more pronounced than the negative
inductive effect. Thus, thiophene can be regarded as a relatively strong electron donating
moiety.
Thiazole: all the atoms have sp2 hybridization and each atom forms two σ bonds. Both S and
N have a lone pair in the sp2 hybrid orbital within the plane of the ring. Each C atom, along
with the N atom donates one p electron, and the S atom donates two p electrons to form a
π bond, making thiazole an aromatic heterocyclic ring. Thiazole is an electron-rich ring, but
the electron density is mainly located on the heteroatoms. Therefore, the electron donating or
withdrawing effect of thiazole is not obvious when used as a substituent.
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Oxadiazole: due to the different arrangements of the two N atoms, there are four isomers of
oxadiazole. Similar to thiazole, all the atoms have sp2 hybridization, and both N and O atom
have lone pair electrons occupying the sp2 hybrid orbital that is not used to establish the σ
bonds. Each C and N atom donates one p electron and the O atom donates two p electrons
to the π bond, making oxadiazole an electron-rich aromatic ring. When used as a functional
group, oxadiazole presents a certain electron withdrawing effect due to the more pronounced
inductive effect.
Imidazole: both C and N atoms have sp2 hybridization. For the π bond, each C atoms donates
one p electron as usual, but the two N atoms are in different situations. One of the N atoms
establishes three σ bonds, leaving two p electrons involved in the π bond. The other N atom
forms two σ bonds, and the third sp2 orbital is occupied by a lone pair. Only one p electron is
donated to the π bond. Thus, imidazole is also an aromatic ring with six π electrons.
Fused aromatic rings
Indole: consisting of a ﬁve-membered pyrrole fused with a phenyl ring, indole is an aromatic
fused ring with ten π electrons (eight from the C atoms and two from the N atom). With
N atom in different positions, there are two isomers indole and iso-indole. Indolyl can be a
weak electron withdrawing group and a efﬁcient moiety for the extension of the conjugated
structure.
Carbazole: with two symmetrically fused phenyl rings on a pyrrole ring, carbazole is an aro-
matic fused structure with fourteen π electrons (twelve from the C atoms and two from the N
atom). Normally, the carbazole moiety is connected to the conjugated structure via the N atom
by a σ bond. The electron donating or withdrawing property is not obvious, but a conjugation
structure can be greatly enlarged by the introduction of a carbazole group.
Benzothiadiazole: by fusing a phenyl ring on the 1,2,5-thiadiazole, the benzothiadiazole moi-
ety is an aromatic fused ring with ten π electrons (six from C atoms, two from N atoms and
two from the S atom). Each of the heteroatoms has a lone pair in the sp2 hybrid orbital located
within the plane of the rings. A benzothiadiazole group is a weak electron withdrawing group
and an efﬁcient conjugation extending group.
Semiconductor small molecules can be developed by rational design using these building
blocks, connected by σ bond or ring fusion to ensure the conjugated structure over the entire
molecule. The range of small molecule constituents presented is certainly limited. However,
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Figure 2.2.1: Jablonski diagram for electronic transitions in an organic molecule when excited
by light. The radiative decay paths are presented in solid lines, while the non-radiative decay
paths are depicted in wavy lines. Due to the existence of the ﬁne structured vibronic and rota-
tional sub-states (shown as thin horizontal lines) around the electronic energy state (shown as
thick horizontal lines), the spectra generated by the radiative processes are usually broad bands
with structured peaks. (Figure reprinted from reference[52]. Copyright 2001 Wiley–VCH)
with further intensive research on organic synthesis, there will be more possible structures
for semiconductor molecules. Regardless, the basic principles of the aromatic and conjugated
structures are the same.[51]
2.2 From Molecule to Thin Film
2.2.1 Photophysical Property of Single Molecules and the Solid State
When organic molecules are exposed to light, several energy conversion processes can take
place, including radiative and non-radiative processes. All these processes can be illustrated
by the Jablonski energy level diagram in Figure 2.2.1.
If the energy of an incident photon is the same as or higher than the energy gap between an
excited state Sn and the ground state (S0), this photon can be absorbed and an electron on the
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ground state can be excited to this excited state. During this process, the spin of the electron
will be maintained, so the ﬁnal excited state (S1, S2. . . ) has the singlet character as well.
Although the electron density distribution is changed during the excitation process from the
ground state to the excited state, the timescale for the re-arrangement of the atoms is several
orders longer than the transition. Thus, the molecular geometry stays the same during the
excitation. This is also referred to as the vertical transition, according to the Franck-Condon
principle. Then, the molecule will relax to the lowest vibronic state of the ﬁrst excited singlet
state S1 by giving off energy as heat. Since both the starting and the ﬁnal state are singlet
states during this non-radiative process, it is deﬁned as the internal conversion (IC). After the
IC process, the S1 state is populated, and there are two paths to lose this part of energy. One is
the radiative decay path through the vertical transition from S1 to S0 . The energy is released
as photons and the emitted light is called the ﬂuorescence. The other is a non-radiative decay
path that occurs when the lowest vibronic state wavefunction of S1 has a certain overlap with
the high lying vibronic state of S0. The energy releases in this non-radiative decay path is
heat. However, if the lifetime of the S1 state is prolonged, for example at low temperature,
spin ﬂip can take place. Thus, the ﬁrst excited triplet T1 can be populated by another non-
radiative process called the intersystem crossing (ISC). After the similar IC decay in T1, most
of the molecules are at the lowest vibronic state of T1. The radiative relaxation from T1
to S0 state is called phosphorescence emission. Since the phosphorescent emission is spin-
forbidden, the phosphorescence decay time (on scale of μs or even ms) is much longer than
that of ﬂuorescence (on scale of ns) which is spin-allowed transition. Energy also can be lost
non-radiatively from T1 to the ground state S0 through ISC and IC.
For small molecule donor materials, absorption is the most signiﬁcant process. In a diluted
solution, the absorption spectrum reﬂects the property of a single molecule and is determined
by the energetic arrangement of its MOs. For molecules with aromatic conjugated structures,
the transitions are usually deﬁned as having a π–π* characteristic whose energy is localized in
the region from UV to visible light. The extension of the conjugated structure can increase the
absorption intensity and cause a bathochromic shift due to he narrowed HOMO-LUMO band
gap. Moreover, solvents with different polarities will move the absorption band bathochromi-
cally or hypsochromically.
In the solid state, organic molecules prefer to form disordered amorphous ﬁlms because their
intermolecular interactions are weak, e.g. the Van der Waals force, hydrogen bond and π–π
stacking effect. However, due to the strong polarizabliliy of a conjugated structure, the energy
levels of a molecule in the solid state are disturbed by the inﬂuence from the surrounding
molecules and the charges carried by itself. As shown in Figure 2.2.2, both the HOMO and
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Figure 2.2.2: Energetic location of the HOMO and LUMO energy level in an isolated single
molecule and illustrations of their IP and EA in solid state. The IP and EA are changed
by the polarization energies and kept identical in perfect crystals due to the regular periodic
arrangement. They are spread into Gaussian distributions due to the anisotropic polarization
effects from the surrounding molecules in amorphous ﬁlms.
LUMO are affected due to the polarization energies Ph and Pe respectively, when moving
from single molecules to perfect crystal. The energy levels are still identical because of the
regularly arranged molecules in the crystal. In the solid state, the terms HOMO and LUMO
are not used. Instead, one refers to the minimum energy required to move an electron from
within a molecule to vacuum as the ionization potential (IP). The minimum energy needed to
attract an electron from the vacuum level to within the molecule is called the electron afﬁnity
(EA). However, since the polarization energies vary from point to point in a disordered ﬁlm,
the energy levels adopt a Gaussian type distribution. Given the splitting of energy levels, the
absorption spectra is usually broadened due to the increased numbers of sub-levels.[53]
The absorption band is also inﬂuenced by the aggregation behavior, namely H–aggregation
and J–aggregation, from solution to solid state. Figure 2.2.3 illustrates the possible aggregation
behaviors and the origins of the absorption band shifts. For molecules, especially those with
plane conjugated structures, the aggregation effect results in three main types, namely ladder-
type, staircase-type and brickwork-type. When two adjacent molecules stack closely, their
transition dipole moments will interact each other. In the case of H–aggregation, two dipoles
are arranged side-by-side, and the excited state will split into two new states. One of them
has a higher energy level due to the repelling parallel dipoles and the other has a lower energy
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Figure 2.2.3: Schematic representation of the different aggregation arrangements in thin ﬁlms
(top) and the energetic scheme of H–/J–aggregation with arrows indicating the transition
dipole moments (bottom). The slip angle marked as θ is used to determine the aggregation
type. In each type of arrangement, the character can be either H– or J–aggregation. The black
dash arrows in the energy level diagrams indicate the major electronic transitions, while the
light gray dash arrows indicate the forbidden transitions.
level due to the attracting anti-parallel dipoles. The parallel arrangement of dipoles results in
an enhanced transition dipole, presenting stronger absorption. The anti-parallel arrangement
cancels the transition dipole, decreasing the absorption intensity. Thus, the absorption band
of the molecule with H–aggregation has a hypsochromic shift. In the case of J–aggregation,
two dipoles have a head-to-tail arrangement. The excited state also splits into two states
with higher and lower energy levels compared to the monomer. However, the parallel lying
dipoles have lower energy than the anti-parallel dipoles. Consequently, the absorption with
lower energy is more pronounced than that with higher energy, and the absorption band of
the molecule with J-aggregation presents a bathochromic shift. In real cases, it is difﬁcult to
determine H– or J–aggregation, since there are few examples with exact side-by-side or head-
to-tail arrangement. Usually, a slip angle, marked as θ in Figure 2.2.3 between two layers
of the molecular surfaces, is used to determine the aggregation type. If θ>54.7 º, it can be
regarded as H–aggregation and J–aggregation if θ<54.7 º.[54]
2.2.2 Transport of Excitons
When the organic molecule is excited by an incident photon, an electron is pumped into an
excited state from the ground state, leaving an empty electron state in the ground state. This
absence is usually referred as a positive quantum particle, called an electron hole, or more
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Figure 2.2.4: Sketch of the Förster and Dexter energy transfer mechanisms. The red dashed
and solid arrows indicate the initial and ﬁnal electronic states respectively, and the black solid
arrows indicate the unchanged electrons. The Förster transfer mechanism is the simultaneous
emission-and-reabsorption which happens between the theoretically allowed singlet states. It
can take place over a rather long distance of 30–100Å. The Dexter transfer mechanism can
be described as the exchange of the electrons, which requires an overlap of the wavefunctions
over a relatively short distance of 6–20Å. (Figure reprinted from reference [55])
commonly a hole directly. This electron and hole pair forms a so-called Frenkel exciton. The
generated Frenkel excitons in amorphous organic semiconductor ﬁlms can migrate through the
bulk via two main mechanisms as shown in Figure 2.2.4, namely Förster transfer and Dexter
transfer:
Förster transfer is a resonance energy transfer mechanism from an excited donor molecule
to an acceptor molecule on the ground state via a non-radiative dipole-dipole coupling shown
in Figure 2.2.4(a). Since the energy transfer is facilitated by a Coulombic interaction, it can
happen within a range from 30–100Å. The transfer rate kFT is inversely proportional to the
sixth power of the distance between two molecules:
KFT = (1/τ)(R0/R)6 (2.2.1)
Consequently, the transfer rate is extremely sensitive to the changes in distance. Here, τ is
the radiative lifetime, and R0 is the Förster radius, which is determined by the spectral overlap
integral of the donor’s emission and the acceptor’s absorption spectra. The Förster radius is
usually around several nanometers, which is much smaller than the wavelength of the photon
28 Basics of Heterojunction Oganic Solar Cells
carrying the transferred energy. Thus, Förster transfer is a near-ﬁeld effect in which a virtual
photon emitted by the donor is absorbed by the acceptor instantly. The excited donor molecule
is deactivated back to the ground state and the energy is transferred to the acceptor molecule.
Furthermore, in the amorphous ﬁlm of an organic semiconductor, the transfer rate can be
varied locally due to arbitrary orientations of the donor and the acceptor molecule dipoles.
It is noteworthy that the spin of the excited electron in the donor and acceptor is conserved.
Thus, only a singlet excited state can be involved in Förster transfer, because it is a transition
related process and only transitions between S0 and singlet excited states are allowed for both
donor and acceptor molecules.
Dexter transfer is an electron-exchange interaction between an excited donor and an ac-
ceptor in its ground state involving two electrons as shown in Figure 2.2.4(b). The excited
electron on the donor is transferred to the LUMO of the acceptor. Simultaneously, an electron
on the HOMO of the acceptor is transferred to the HOMO of the donor molecule, resulting
in a excited acceptor molecule and a deactivated donor molecule. This process requires a
wavefunction overlap between two molecules, which makes it a short-distance process within
6–20Å typically. Moreover, since there is no spin restriction for Dexter energy transfer, both
the singlet and triplet exciton can be transferred. Considering the singlet nature of Förster
energy transfer, the transport of triplet excitons mainly occurs via Dexter transfer.
Exciton diffusion is a critical step in the working principle of OSCs, which determine the pos-
sible thickness of the active layer and the favorable morphology characterized by the nanoscale
phase separation. Figure 2.2.5 schematically illustrates the key processes of the exciton dif-
fusion through a disordered medium whose energetic distribution of exciton sites can be de-
scribed as Gaussian density of states (DOS). At low temperature, the exciton at high energetic
position in the DOS can diffuse via downhill migration to sites with lower energy, as shown
in Figure 2.2.5(a). It can be quite fast from a high level point to a quasi-equilibrium level, and
the diffusion distance is short due to the high density of the energetically close-lying sites.
After reaching a quasi-equilibrium level, the migration of the exciton slows down due to the
decrease of possible states in the tail of the DOS. Moreover, when the temperature is extremely
low, the exciton can even be trapped in a site where all the adjacent states have higher energy.
In this case, the exciton can no longer be transported anymore, because there is no external
thermal activity. This kind of trap is potentially more severe for triplet excitons than singlet
ones, because the triplet excitons can be transported only via Dexter mechanism, which only
happens within short distances. Overall, the exciton diffusion distance is rather small at low
temperature. At high temperatures, the diffusion distance of the exciton is processed via not
only downhill migration, but also by thermally-activated hopping. This hopping mechanism
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Figure 2.2.5: Exciton diffusion process (a) at low temperature with downhill migration type
and (b) at room temperature with both downhill and thermally activated hopping types. (Re-
plotted with permission from reference[56]. Copyright 2008 American Chemical Society)
facilitates exciton movement from a lower lying site to a higher lying site. Thus, this diffusion
length is much further than those at low temperatures, as illustrated in Figure 2.2.5(b). In gen-
eral, the diffusion length LD increases along with the increase of temperature in amorphous
organic semiconductor ﬁlms.
2.2.3 Transport of Charge Carriers
The established charge-transport theories of inorganic semiconductors (e.g. Bloch theory) are
not suitable for the discussion of organic semiconductor ﬁlms. Organic semiconductor ﬁlms
are highly disordered, and lack a long-range periodic lattice structure. However, drift and dif-
fusion transport are also present in organic semiconductors. Drift transport is more signiﬁcant
than diffusion in real organic electronic devices, as will be described in the following section.
In an amorphous ﬁlm, charge carriers adopt a hopping transport mechanism from one molecule
to the next. This hopping stems from the tightly conﬁned wavefunctions on each speciﬁc
molecule. The mobility equation that describes the ability of charge carriers to move in the
solid state is deﬁned as:
μ = F/υD
where F is the applied electric ﬁeld and υD is the drift velocity. The typical μ values for or-
ganic semiconductors are rather low, located in the range of 10−7–10−3 cm2/(V s). Moreover,
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Figure 2.2.6: Sketch of the energy landscape of hopping transport under the inﬂuence of an
electric ﬁeld in a Gaussian distributed DOS of the located molecules. Figure reprinted from
reference [55].
the mobility for hopping mechanism will increase with increasing temperature, unlike that in
band transport mechanism, which will decrease with the increasing temperature. There are
several methods designed to measure the mobility, including: organic ﬁeld-effect transistor
(OFET), space-charge limited current (SCLC), time-of-ﬂight (TOC), and charge-carrier in-
jection by linearly increasing voltage (CELIV). However, the mobility values from different
measurements can be completely different, because the mobility is a condition-related index
rather than a constant value of the materials.
The schematic description of the hopping transport of an electron under an external electric
ﬁeld
−→
F is shown in Figure 2.2.6. The possible DOS for charge carriers present a Gaussian
distribution in the space, which can be attributed to the inhomogeneous electronic and polar-
ization environment for each molecule. These states can be regarded as trap states. The charge
carriers hop along the electric ﬁeld from one molecule to its neighbours downward between the
trap states. However, there are chances for the charge carriers to overcome the energy barrier
and hop upward energetically to escape from shallow traps due to thermal activation. Thus,
the transport distance will increase with the help of such detrapping process. One of the most
successful theories to describe charge carrier transport in a disordered organic system is the
Bässler Model introduced in 1993.[57] This model assumes that the electron–phonon coupling
is neglected, and the hopping rates can be described by the Miller–Abrahams formalism.[58]
From Monte Carlo simulations taking temperature and electric ﬁeld into consideration, the
mobility is given by:
μ = μ0exp
[−(2σ/3kBT )2] (2.2.2)
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where μ0 is the mobility at inﬁnite temperature (T → ∞), σ is an activation energy and kB
is the Boltzmann constant. This model is particularly suitable for the discussion of organic
semiconductor device behaviors relating to the temperature and electric ﬁeld.
2.3 Organic Heterojunction Solar Cells
The current density-voltage (J−V ) relationship of a solar cell in the dark can be modeled by
the J−V behavior of a diode. There is an exponential response with a high current in forward
bias, and a low signal results from reverse bias. Upon illumination, the J−V curve becomes
the sum of the dark curve and the photocurrent, as shown in Figure 2.3.1. The overall current
density J can be described by the Shockley equation with a photocurrent term JPh:
J = J0
[
exp
(
eV
nkBT
)
−1
]
+ Jph (2.3.1)
Here V is the applied voltage, J0 is the saturated current density of the diode in reverse bias,
e is the elementary charge, n is an ideality factor, kB is the Boltzmann constant and T is
temperature.[59] The photocurrent is dependent on the applied voltage and the illumination
can affect the diode behavior in reality. The power density curve, which is the product of
voltage and current density, is also plotted in Figure 2.3.1.
The parameters represented in a plot of the J −V curve are as follows: short-circuit cur-
rent density (Jsc), open-circuit voltage (Voc), ﬁll factor (FF), and PCE. The value of Jsc and
Voc are the intercepts of the J−V curve with the y- and x-axis respectively. At these two
points, there is no output power from the device because either the voltage or current is zero.
According to the curve of the generated power, the peak point, referred to as the maximum
power point (MPP), represents the maximum extractable power Pmax that maker by the orange
rectangle. The FF indicates how square the J–V is, and it equals the quotient between the
orange rectangle and the blue rectangle that expressed as FF = Pmax/(Jsc ×Voc). The most
practical parameter of a solar cell is the PCE and is deﬁned as the percentage of incident ra-
diance that is converted into produced power. The MPP is used for calculating efﬁciency as
PCE = (Jsc ×Voc ×FF)/Pin, where Pinis the power density of the incident light. With this
deﬁnition, optimized Jsc, Voc and FF are critical for a OSC to enhance its PCE.[60] More-
over, the PCE is highly dependent on the intensity and the spectrum of the light source. In
order to establish a consistent evaluating standard, the AM1.5G spectrum is commonly used
to investigate the solar cell performance.
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Figure 2.3.1: Typical J−V curve of an solar cell under an illumination.
2.3.1 Working Principle of Heterojunction OSCs
Unlike the valence–band conduction in inorganic materials, a Frenkel exciton generated in an
organic molecule is tightly conﬁned on a single molecule, and its separation into free charge
carriers is rather difﬁcult, due to the signiﬁcant recombination both radiative and non-radiative.
The efﬁciency of an OSC is extremely low until the introduction of the donor/acceptor (D/A)
concept by Tang. Figure 2.3.2(a) illustrates the working mechanism in an D/A heterojunction
OSC from the absorption of the photon to the collection of free charge carriers. The complete
energy conversion can be described by several steps as follows with the relative quantum
conversion efﬁciency μ:
(1) Absorption of light (μAB): The absorption efﬁciency depends on both molecular photo-
physical properties and the device architecture. Molecules with high absorption coefﬁcients
are needed to compensate for losses by light transmission and reﬂection.
(2) Exciton diffusion (μED): Excitons can be dissociated into free charge carriers once they
reach the D–A interface. The maximum diffusion length LD,maxof an exciton in an amorphous
organic ﬁlm is around 10 nm. Thus, morphology optimization of the active layer is important
to increase the “paths” shorter than LD,max and to enhance the μED. Any excitons generated
too far from the interface will recombine back to the ground state in the bulk of the donor
material.
(3) Formation of a charge transfer (CT) state (μCT ): If the LUMO energy levels of the donor
and acceptor are properly offset, an excited electron can migrate from the LUMO of the donor
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Figure 2.3.2: (a) Fundamental scheme of the working principle in a D/A OSC: (1) light ab-
sorption; (2) exciton diffusion; (3) forming of CT state; (4) charge separation; (5) charge
extraction and (b) the electronic state diagram showing charge transfer, recombination and
separation procedures. Figure reprinted from reference [55]
to that of the acceptor. This forms a CT state, with one electron in the HOMO of the donor and
the other electron in the LUMO of the acceptor. If the offset is larger than the exciton binding
energy, this process can be very efﬁcient. However, as shown in Figure 2.3.2(b), the CT state
can be deactivated to the S0 state directly, or via the T1 state of the donor. μCT is determined
by the competition between the following separation rate and the deactivation rate. Moreover,
the Voc is closely related to the position of the CT state. Usually, a low lying CT state will
result in a low Voc.
(4) Charge separation (μCS): This can be regarded as the most critical process in an OSC.
From a CT state with relatively weak bonding interactions, the exciton is ﬁnally dissociated
into free charge carriers by overcoming the Coulomb attraction. Now, the separated charges
are ready for the following transport process through the bulk of the donor or acceptor.
(5) Charge extraction (μEX ): This includes the transporting of free charge carriers through
the BHJ, the electron or hole transport layer (ETL/HTL), and the charge collection on the
electrodes. The carrier mobility of the materials has great inﬂuence on the efﬁciency of this
step.
The overall efﬁciency from incident photons to extracted electrons is deﬁned as the external
quantum efﬁciency (EQE). This is a function of wavelength and usually presented as a spec-
trum. The value of the EQE can be given as the product of all the efﬁciencies mentioned
above:
EQE = μABμEDμCT μCSμEX
Additionally, the internal quantum efﬁciency (IQE) is deﬁned as:
34 Basics of Heterojunction Oganic Solar Cells
IQE = EQE/μAB
The equation calculates the extracted electron–hole pairs per number of absorbed photons as
a better description for the steps after the excitation.[61]
2.3.2 Donor/Acceptor Heterojunction Device
The ﬁrst D/A OSC was fabricated by stacking CuPc and perylene derivatives, and sandwiching
between metal and transparent conductive oxide (TCO) electrodes (indium tin oxide (ITO) is
commonly used). The device architecture shown in Figure 2.3.3(a) is referred as the planar
heterojunction (PHJ) geometry. The donor and acceptor are deﬁned in terms of the absorbed
photon and excited electron. A photon is absorbed by the donor (D), and the resulting excited
electron is extracted by the acceptor (A). Although a PHJ device usually presents a high FF ,
the Jsc suffers from the limited exciton diffusion length LD (10–40 nm) in small molecule thin
ﬁlms. Only excitons that can reach the D/A interface within their lifetime have the chance to
be separated into free charge carriers. Thus, the thickness of the active layer in PHJ devices
is conﬁned from 5 to 30 nm, which will sacriﬁce the photon harvest capability and result in a
decreased μAB.
An alternative to PHJ is a bulk heterojunction (BHJ) geometry, which can overcome the draw-
backs of the PHJ. As shown in Figure 2.3.3(b), a BHJ active layer is fabricated by mixing D
and A in a single active layer, and the D/A interface area can be greatly increased with phase
separation, resulting in isolated “island-like” blocks of D and A. Thus, the generated excitons
can easily reach the D/A interface via decreased distance for separation and the IQE can be
100% ideally. Consequently, the Jsc of a BHJ OSC is usually much higher than a PHJ OSC,
due to the enhanced free charge carrier generation. However, such a mixing structure also
increases the chance for charge carrier recombination and decreases μCS, which will lead to
an unsatisfactory FF . In real devices, a balance between Jsc and FF should be found by the
device geometry optimization method, e.g. changing the D/A mixing ration, layer thickness
or substrate temperature. The main target is to adjust the active layer phase separation to the
LD. Too large of a phase separation will result in exciton recombination before it reaches D–A
interface, and too ﬁne of a phase separation will result in reduced charge extraction due to
severe charge carrier recombination. A favorable active layer morphology will facilitate the
transport of holes or electrons to the electrodes via respective nanoscaled blocks of D or A.
Further performance improvements can be achieved by employing a p–i–n geometry as shown
in Figure 2.3.3(c). Here, p and n stand for p–type and n–type HTL and ETL, while i repre-
sents the intrinsic BHJ. This concept can take optical property of the device into consideration
2.3 Organic Heterojunction Solar Cells 35
Figure 2.3.3: Representative structures of OSCs: (a) planar heterojunction geometry, (b) bulk
heterojunction geometry, (c) p–i–n bulk heterojunction geometry, (d) tandem bulk heterojunc-
tion solar cell with two sub-cells.
during the geometry optimization. Since the HTL and ETL are highly conductive, the thick-
ness of these layers can be tuned on a large scale. The intrinsic active layer can be placed
at the maximum of the optical ﬁeld distribution and the EQE can beneﬁt from the enhanced
absorption.
The p–i–n concept can also be applied in tandem OSC (TSC) as shown in Figure 2.3.3(d)
where two sub-cells with different donor absorbers are connected serially. The two different
absorbers should have complementary absorption windows in order to make an intense con-
stant absorption over a wide solar spectrum range. The subcell with wide bandgap donor ma-
terial serves as bottom subcell on the transparent electrode, and will harvest short-wavelength
light. The long wavelength light that passes through the bottom subcell can be absorbed by
the top subcell with a narrow bandgap donor material. Considering the complicated structure
of TSC, in order to place two subcells at the ﬁrst and second maximum of the optical ﬁeld,
p–i–n concept is extremely important for device optimization.
2.3.3 Open-circuit Voltage and Energy Losses
In an illuminated OSC, excitons are separated into free charge carriers after step (4), resulting
in electrons conducting in an acceptor phase and holes conducting in a donor phase. The VOC
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of the device is given as:
eVOC = ED−A− kBT ln
(
NLUMO,ANHOMO,D
np
)
(2.3.2)
where ED−Ais the energy gap between the HOMO of the donor and the LUMO of the acceptor,
NLUMO,A and NHOMO,D are the DOS in the LUMO of the acceptor and the HOMO of the donor.
Accordingly, the upper limitation of the Voc is the energy gap of ED−A when the temperature
T is approaching to zero. Since this equation is derived from inorganic solar cells, it can be
instructive but insufﬁcient when applied to an organic semiconductor system. In OSCs, it has
been demonstrated that efﬁcient charge separation takes pathways via the relaxed CT state.
Thus, the energy of the CT state determines the maximum obtainable Voc. In order to enhance
the Voc value, a high CT state is required. However, if the CT state is higher than the T1
state of the donor molecule, the relaxation path via T1 is possible which will lead to a loss
of photogenerated charge carriers and Jsc. Consequently, there is a tradeoff between high Voc
and large Jsc in a real device. A maximum energy difference between the CT state and the
T1 state around 0.2 eV is suggested. Moreover, further voltage losses from the CT state can
be divided in radiative losses Vrad and non-radiative lossVnon−rad . As the inverse process
of absorption, the radiative voltage loss is inavoidable. However, non-radiative losses always
take place simultaneously, reducing the Voc greatly. In most OSCs, it was found the Vrad
is usually around 0.25V and Vnon−rad is around 0.35V. The Vnon−rad can be reduced by
blocking non-radiative relaxation pathways by elevating the CT state energy level.
2.3.4 Equivalent Circuit and Fill Factor
As the most critical index for an organic solar cell, FF is affected by several factors which in-
teract with between each other. Therefore, attempting to solely change a device’s FF without
considering all contributing aspects (i.g. device area, interface properties, device arrangement,
charge carrier mobility) is impractical.[62] One way to ﬁgure out the complicated effect on a
J−V curve is by using the equivalent circuit of a solar cell. As depicted in Figure 2.3.4, in
real OSCs, parasitic resistances are unavoidable and can be represented as a series and a shunt
resistance (Rs and Rsh). Generally, the series resistance stems from the bulk resistance of the
organic layers, electrodes and the contact resistance between them. Shunt resistance results
from the current leakage at pinholes or from the device edges. Thus, the equivalent circuit
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Figure 2.3.4: Equivalent circuit of a practical OSC, Jph is the photocurrent density, Jsis the
current density of the diode, Rsand Rsh are the series and shunt resistance, J is the current
density in the external load and V is the applied voltage. (Replotted with permission from
reference[62]. Copyright 2013, Royal Society of Chemistry.
equation can be given as:
J = Js
[
exp
(
eV − JRs
nkBT
)
−1
]
+
V − JRs
Rsh
+ Jph (2.3.3)
Accordingly, the J−V curve can be divided into three regions. The ﬁrst region spans from
negative voltage to low positive voltage, and the curve is a line with a slope determined by
the Rsh. If Rsh decreases, the slope will increase and become less parallel to the x–axis, which
will decrease the squareness of the curve, resulting in a reduced FF . The second region is in
the middle-positive voltage range, and the curve here has an exponential diode characteristic.
Finally, in the high voltage region, the curve becomes linear again with the dominance of
Rs. If Rs increases, the slope of the curve will decrease, leading to less squareness and a low
FF . The changes on the J−V curve according to the change of Rsh and Rs respectively are
presented in Figure 2.3.5.
When characterizing novel donor materials or buffer layer materials in OSCs, an S-shaped
J−V curve, commonly referred to as S-kink, is often observed as shown in Figure 2.3.6. The
S-kink has a great inﬂuence on the FF and can make it extremely low. It is demonstrated
that the charge carrier injection or extraction barriers are the main reason for the S-kink. Ad-
ditional reasons for S-kink in PHJs are an imbalanced electron/hole mobility, defects at the
interface, unreasonable energy level sequence, and low charge carrier collection rate at elec-
trodes are also addressed. However, the generation principle of S-kink in all of these cases is
charge carrier accumulation at the interfaces, which can inﬂuence the electric ﬁeld distribution
inside the device. This additional electric ﬁeld generated by the accumulated charge carriers
will prevent the following photogenerated charge carriers from moving to the corresponding
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Figure 2.3.5: Changing of J−V curve according to the changing of Rsh (a) and Rs (b) respec-
tively. (Represented with permission from reference[63]. Copyright 2010, American Institute
of Physics. Represented with permission from reference [64]. Copyright 2010, Wiley–VCH)
The decrease of the Rsh and the increase of the Rs can reduce the FF by manipulating the
J−V curve in the third and ﬁrst quadrant respectively.
electrode.
In PHJ, S-kink can be avoided with balanced electron/hole mobility, even though these are low
values. Lower mobility only results in lower FF and the J−V curve is still normal. However,
if hole mobility is larger than two orders of magnitude than the electron mobility, the S-kink
appears in the J−V curve and vice versa. As explained by Tress et al., poor hole mobility
can form space-charge region in the donor bulk, and the electric ﬁeld in the acceptor bulk
will decrease, aiming to a balanced carrier extraction speed. Thus, the potential drop on the
acceptor bulk is even smaller, leading to enhanced bimolecular recombination and S-kink.[65]
Moreover, if the majority surface recombination rate on the electrode is low, or the barriers
in the device are large, the carriers will pile up at the interface, inducing an S-shaped J−V
curve.[66] The contact between the active layer and electrodes is critical to the shape of the
J−V curve. The diffusion of the metal atoms into the active layer will greatly inﬂuence the
morphology and induce defects, which makes the J−V curve less rectangular with S-kink.
Therefore, an organic buffer layer is usually employed between the functional organic layer
and the cathode.[67]
The accumulated charge carriers produce an extra electric ﬁeld inside the device, which is in
the opposite direction to the built-in potential, and in the same direction to the applied voltage
in the fourth quadrant. As shown in Figure 2.3.6, during the j−V measurement, when the
sum of applied voltage and this additional electric ﬁeld generated by the accumulated charge
carriers equals to the built-in electric ﬁeld, it might seem that the Voc is reached. However,
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Figure 2.3.6: Schematic illustration of a normal J−V curve (red) and an S-shaped J−V curve
(green). During the reverse measurement of the J−V curve from negative to positive, the
accumulated charge carriers produce an extra electric ﬁeld in opposite direction of the built-
in ﬁeld and work against together with the applied voltage towards the built-in electric ﬁeld
during the process (a). At the point around (b), a false Voc is recorded and the photocurrent
increases slowly during the process (c) due to the diode nature of an OSC. After reaching the
real Voc, the curve becomes dominated by the injection behavior in process (d). The S-kink is
observed as an combined result of these processes.
from this point to the realVoc, the photocurrent density will be low until the injection behavior
dominates in the device. Consequently, an S-shape j−V curve is observed in the fourth
quadrant.

Chapter 3
Basics of BODIPYs
3.1 BODIPY Core Structure
According to the International Union of Pure and Applied Chemistry (IUPAC), the name
of BODIPY core is 4,4-diﬂuoro-4-bora-3a,4a-diaza-s-indacene, and the more concise name
BODIPY comes from the abbreviation of boron dipyrromethene. Although it is believed that
the ﬁrst BODIPY dye was described by Treibs and Kreuzer in 1968, the fully unsubstituted
BODIPY was not obtained until 2009, because of the instability of dipyrromethene precur-
sor which is active to electrophilic attacks in solutions at a temperature over –40 °C.[68][69]
Figure 3.1.1(a) shows the numbering system of the BODIPY chromophore. Usually, the 8-
position is referred to as the meso- carbon, while the 3,5-positions and 1,2,6,7-positions are
referred to as α-carbons and β-carbons, respectively. As shown in Figure 3.1.1(b), Yan and
coworkers reported the single crystal structure of the unsubstituted BODIPY core, indicating
a fused plain structure consisted of two pyrrole rings and a six-membered ring connecting
these two pyrrole rings via C–C–C and N–B–N bridges. The two ﬂuorine atoms are out of
this conjugated surface with different B–F bond lengths, making the boron atom coordinated
in a distorted tetrahedral conﬁguration. In the central six-membered ring, both C–C and C–N
bond lengths are similar, locating in the double bond region around 1.38Å, which demon-
strates a conjugating π bond system. Moreover, the two N–B bonds are similar around 1.55Å,
indicating a resonance coordinating nature.[69]
In the conjugated structure, each C provides one π electron and the two N atoms donate three π
electrons to the π system with totally twelve π electrons. Although BODIPY does not strictly
obey the Hückel’s rule of aromaticity, its behavior is similar to aromatic systems, due to the ad-
ditional rigid planar geometry provided by the coordinating BF2 moiety. The delocalization of
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Figure 3.1.1: (a) Molecular structure with the numbering system and (b) single crystal struc-
ture of an unsubstituted BODIPY core (Represented with permission from reference[69].
Copyright 2009, Elsevier B. V).
the π electrons on the conjugated structure is efﬁcient, and both HOMO and LUMO are delo-
calized over the whole molecule except for the BF2 moiety. A yypical absorption spectrum of
BODIPY is distinguishing with a sharp band and a high extinction coefﬁcient. The main inten-
sive absorption is assigned to a S0→S1 transition that is dominated by the HOMO→LUMO (
π→π*) character. Normally, a shoulder peak generated by the 0–1 vibronic transition also can
be observed close to the 0–0 transition. The emission spectrum of a BODIPY often presents
a perfect mirror-imaged proﬁle towards its absorption band with a Stokes shift of several tens
of nanometers. The photoluminescence quantum yield (PLQY) can be as high as 0.85.[70]
Inspired by the outstanding photophysical properties of BODIPYs and their derivatives, tremen-
dous research efforts have been put into developing novel synthesis and functionalization
strategies for various applications, including ﬂuorescent indicators,[46] photosensitizers in
photodynamic therapy[48] and molecule probes.[71][72] From the perspective of the molec-
ular structure, a BODIPY core has a C2v symmetric character. With the introduction of sub-
stituents, the symmetry can be either maintained or disturbed, resulting in symmetric or asym-
metric BODIPYs as two main sorts. Meanwhile, with the meso−C replaced by a N atom, the
so called aza-BODIPY also represents an important family of chromophores. In the following
sections, the synthetic methods for BODIPY and aza-BODIPY with different structures are
reviewed brieﬂy.
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Figure 3.2.1: General synthetic route of symmetric BODIPY using pyrrole and aldehyde as
the reactants.
3.2 Synthetic Methodologies of BODIPYs
For the syntheses of all the BODIPYs, the last step is reacting the dipyrromethene precursor
and boron triﬂuoride etherate (BF3·OEt2) in collaboration with an organic base. Since this
reaction can go in an anhydrous organic solvent, like dichloromethane (DCM), at room tem-
perature with a relatively high yield (50%–70%), the main challenge part is the synthesis of
the dipyrromethene precursor which usually start from the condensation of the corresponding
pyrrole with a highly electrophilic carbonyl compounds.
3.2.1 Pyrroles and Aldehydes
This approach is a straightforward route for symmetric BODIPYs with an aromatic exten-
sion on the meso-C. According to the Reaction 1 shown in Figure 3.2.1, two pyrrole deriva-
tive molecules with active unblocked 2-position can be condensed with one aromatic alde-
hyde to realize a dipyrromethane structure. A following oxidation reaction is required using
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) or p-chloranil as the oxidant to generate the
dipyrromethene precursor. As the following step is the coordinating with BF2, it can be ﬁn-
ished in an on-pot synthesis, but the yield of the BODIPY product can be enhanced if the pre-
cursor is puriﬁed in advance. However, the puriﬁcation process is best done using a deactivated
alumina column instead of the common silica gel to prevent undesired decomposition.[73]. If
formaldehyde is used instead of the aromatic aldehyde, BODIPYs with H on the meso-position
can also be obtained.[74]
According to the mechanism of the Reaction 1, the conjugated structure can be extended on
the meso-C by introducing different aromatic rings. Moreover, this reaction allows various
substituents on the pyrrole ring. For example, Boens and co-workers synthesized a series of
BODIPYs 1a–e using benzaldehyde derivatives and 2-methyl pyrrole (Figure 3.2.2).[75] Dif-
ferent electron donating and withdrawing groups on the para- position of the meso-phenyl
moiety has great inﬂuence on the photophysical properties of the BODIPYs, demonstrating
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Figure 3.2.2: Synthesis of the BODIPY 1a-e. Reaction condition: (i) triﬂuoroacetic acid
(TFA), DCM, r. t.; (ii) p-chloranil; (iii) N,N-Diisopropylethylamine (DIPEA), BF3•O(Et)2.
Figure 3.2.3: Synthesis of the BODIPY 2a-c and 3. Reaction condition: (i) TFA, ; (ii) DDQ;
(iii) triethylamin (NEt3), BF3•O(Et)2.
that the meso- phenyl moiety is efﬁciently involved in the π system. α,β-unsubstituted BOD-
IPYs can also be prepared. Churchill et al. synthesized three BODIPYs 2a–c by reacting
ﬁve-membered aromatic rings with an aldehyde on the 2-position in an excess amount of pyr-
role (Figure 3.2.3).[76] From the single crystal analysis, the meso- ﬁve-membered ring has a
relatively large dihedral angle towards the BODIPY core, which hinders the ﬂoating of π elec-
trons over the whole molecule. Thus, the perturbance of heteroatoms on the BODIPYs is neg-
ligible, and the photophysical properties, especially the absorption and emission bands of the
three dyes are similar. Moreover, it has been proven that substituents on the 1,7-positions, like
BODIPY 3 (Figure 3.2.3) can prevent the rotation of the single bond on the meso-position, tun-
ing the electronic coupling between the meso-substituent and the BODIPY core consequently.
The electron transfer within the orthogonal system can modify the emission intensities.[77]
When using halogenated benzaldehydes, such as 4-bromobenzaldehyde and 4-iodobenzaldehyde,
the prepared BODIPY, according to the Reaction 1, has abundant modiﬁcation posibilities.
Tang and co-workers attached popular aggregation induced emission (AIE) moiety tetraphenylethene
to BODIPY 4a and 4b via Suzuki and Sonogashira cross coupling, and obtained two deriva-
tives 5a and 5b (Figure 3.2.4).[78] According to the theoretical calculation results, the HO-
MOs are located on the tetraphenylethene moiety and LUMOs are dominated by the BOD-
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Figure 3.2.4: Synthesis of the BODIPY 5a and 5b. Reaction condition: (i) Pd(PPh3)4, K2CO3;
(ii) Pd(PPh3)Cl2, t-Bu3P, CuI.
Figure 3.2.5: Synthesis of the BODIPY 7 from 6a and 6b. Reaction condition (i) 1,2-
dibromoethane, K2CO3, ethyl alcohol, 80 °C reﬂux 24 h; (ii) NaN3 DMF, 100 °C, 2 h; (iii)
Propargyl bromide, K2CO3, DMF 70 °C, reﬂux 6 h; (iv) TFA, DDQ, BF3•O(Et)2; (v) Et3N,
CuSO4, sodium ascorbate, 48 h, room temperature.
IPY moiety. Although no AIE behavior is observed in 5a, AIE–active twisted intramolecular
charge transfer emission is presented by 5b.
Based on the synthesis principles mentioned above, the Reaction 1 also provides possibility to
introduce BODIPY moiety in complicated systems. Zhao and Glusac et al. ﬁrst synthesized
two BODIPY 6a and 6b with active azide and acetylenyl group respectively, and connected
these two dyes to provide the ﬁnal product 7 with two BODIPY cores linked by a triazole
moiety (Figure 3.2.5).[79]
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Figure 3.2.6: General synthetic route of symmetric BODIPY from pyrrole and acid chloride
Figure 3.2.7: Synthesis of the BODIPY 8 and 9. Reaction condition: (i) DCM, 0 °C, 2 h;
(ii)Et3N, BF3•O(Et)2, room temperature, 2 h
3.2.2 Pyrroles and Acid Chlorides, Anhydride or Orthoester
The limitation of aldehyde restricts the Reaction 1 to BODIPYs with aromatic substituents on
the meso-position. There are no reports on using aliphatic aldehydes and pyrrole derivatives
to synthesis BODIPYs with alkyl chain on the meso-position. An alternative mechanism as
the Reaction 2 presented in Figure 3.2.6 is raised using acyl chloride and pyrrole derivatives
as reactants. This approach is capable to produce BODIPYs with both aromatic and alkyl sub-
stituents on the meso-position. The in-situ formed 2-carbonyl pyrrole reacts with the excess
amount of pyrrole to form a dipyrromethene precursor. Thus, this reaction is also favorable for
the synthesis of symmetric BODIPYs. Moreover, the oxidation step is avoided, and the syn-
thesis of BODIPY can be ﬁnished in a one-pot synthesis without isolating the dipyrromethene
precursor. However, the conversion of the reactants is usually incomplete, making the yield of
the ﬁnal products is unsatisfying, which leads to the disadvantage of a challenging puriﬁcation.
Aliphatic aldehydes isobutyryl chloride and lauroyl chloride were demonstrated successful in
the syntheses of BODIPY 8 and 9 with alkyl chain groups on the meso-C in one-pot reac-
tions (Figure 3.2.7).[80][81]. The yield of BODIPY 8 is only 8.5%, and that for BODIPY 9
increases to around 25%.
Fused ring BODIPYs with aromatic meso-substituents are also obtained by the Reaction 2.
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Figure 3.2.8: Synthesis of the BODIPY 10a, 10b and 11a-11c. Reaction condition: (i) PhMe,
dichloroethane, reﬂux, 3 d; (ii) Et3N, BF3•O(Et)2, reﬂux, 4 h
Burgess and co-workers synthesized a series of BODIPYs 10a, 10b and 11a–11c with 4-
iodophenyl moiety on the meso-C (Figure 3.2.8).[82] The overall yield for 10a of 22% is
higher than 10b of 3%, while the yields of 11a-11c are much higher from 57% to 66%. Due
to the extension of the planar structure, the molar extinction coefﬁcients of all the dyes except
10b are higher than 100,000 L/(mol cm). Their absorption maxima locate from 629 nm to
673 nm. Owing to the restricted bond rotation effect, the non-radiative decay is suppressed,
and the PLQY can be 0.72 in 11c.
Apart from acyl chloride, other active carboxylic acid derivatives, including acid anhydride
and orthoester also works for the Reaction 2. Kim and co-workers synthesized BODIPY
12 with electron withdrawing CF3 group on the meso-position from TFA anhydride and 2,4-
dimethyl pyrrole (Figure 3.2.9(a)).[83]. An intermediate product 2-triﬂuoroacetyl-3,5-dimethyl
pyrrole was isolated in high yield of 94%. The following formation of dipyrromethene pre-
cursor and the coordination with BF2 were performed in one-pot reaction, giving 12 in rea-
sonable yield of 17%. Peng and co-workers developed three BODIPYs with free carboxyl
groups 13a-13c using 2,4-dimethyl pyrrole and dicarboxylic anhydrides in one-pot reaction
(Figure 3.2.9(b)).[84] These dyes present green emission around 500 nm in various solvent,
indicating little effect of solvatochromism. The PLQYs of all these dyes are higher than 0.70.
Moreover, these dyes can be dissolved in water, which beneﬁts from the carboxyl group, mak-
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Figure 3.2.9: Synthesis of the BODIPY 12 and 13a-13c. Reaction condition: (i) DCM,
room temperature, 3 h; (ii) POCl3, Et3N, BF3•O(Et)2; (iii) BF3•O(Et)2, THF, reﬂux 8 h; Et3N,
BF3•O(Et)2, 50 °C, 4 h; (iv) DCM/MeCN, reﬂux, 8 h; Et3N, BF3•O(Et)2, 50 °C, 4 h; (v) anhy-
drous MeCN, 60 °C, 8 h; Et3N, BF3•O(Et)2, 50 °C, 4 h
ing them potential candidates for biological sensors. For the condensation of pyrrole deriva-
tives with orthoester, it has been demonstrated that the meso-position can be H as in BODIPY
14, when trimethyl orthoformate or triethyl orthoformate is used. Furthermore, methyl or
phenyl substituents can also be introduced as BODIPY 15 and 16, when triethyl orthoacetate
or triethyl orthobenzoate is used respectively (Figure 3.2.10).[85][86][87]
Figure 3.2.10: Synthesis of the BODIPY 14, 15 and 16. Reaction condition: (i) TFA, DCM, rt,
45min; Et3N, BF3•O(Et)2, room temperature, overnight; (ii) TFA, DCM, rt, overnight; Et3N,
BF3•O(Et)2, room temperature, 3 h; (iii) p-toluenesulfonic acid, Et3N, BF3•O(Et)2.
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Figure 3.2.11: General synthetic route of asymmetric BODIPY from pyrrole and ketopyrrole
3.2.3 Pyrroles and Ketopyrroles
Although the two mentioned reaction mechanisms above are widely employed in the con-
struction of BODIPY molecules, an obvious disadvantage is that only symmetric BODIPY
core can be obtained. This drawback greatly hinders the exploration of asymmetric BODIPYs
that may bring fascinating and meaningful applications. Here, the third synthetic mechanism
starting from pyrrole and ketopyrrole sheds light on asymmetric structures. Actually, this type
of synthesis, referred to as the Reaction 3 detailed in Figure 3.2.11, can be used to provide
both symmetric and asymmetric BODIPYs. The ketopyrrole reacts with another pyrrole with
free 2-position in presence of a Lewis acid, such as POCl3. The substituent next to the car-
bonyl group will be transferred to the meso-C in the ﬁnal BODIPY. Symmetric product can
be obtained using ketopyrrole and pyrrole with the same substituents, while the asymmetric
ones can be obtained using these reactants with different substituents. Like the Reaction 2,
there is no oxidation step required in the Reaction 3, and the ﬁnal product can be obtained in
a one-pot reaction.
For example, Boens and co-workers synthesized two asymmetric BODIPYs 17a and 17b with
fused ketopyrroles and non-fused pyrrole (Figure 3.2.12).[88] BODIPY 17b presented almost
unchanged emission maximum from 560 nm to 570 nm in as many as twenty different solvents
with high PLQYs from 0.71 to 0.87. They demonstrate that the ring fusion on 2,3- or 5,6-
positions of BODIPY is an efﬁcient method to construct dyes with long wavelength absorption
and emission.
Symmetric α,β-fused BODIPY 18a and 18b were prepared by Suzuki and co-workers with
isolated ketopyrrole and in-situ formed pyrrole derivatives (Figure 3.2.13).[89] Both ketopyr-
role and pyrrole reactants were obtained from the same carboxyl acid starting material. The
exchange of carboxyl group with aldehyde group was conducted in TFA by reacting with tri-
ethyl orthoformate, and the ketopyrrole is isolated in good yield. The corresponding pyrrole
was obtained by decarboxylation in TFA, and the ketopyrrole was added into the system to
form the dipyrromethene precursor. BODIPY 18a and 18b presented extremely high molar
extinction coefﬁcients of 202,000 and 288,000 L/(mol cm) and high PLQYs of 0.96 and 0.86
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Figure 3.2.12: Synthesis of the BODIPY 17a and 17b. Reaction condition: (i), POCl3, DCM;
Et3N, BF3•O(Et)2
Figure 3.2.13: Synthesis of the symmetric BODIPY 18a and 18b. Reaction condition: (i)
TFA, CH(OEt)3, 50 °C, 10min; (ii) TFA, 50 °C, 10min; (iii) TFA, POCl3, 50 °C, 10min.
respectively.
3.3 Synthetic Methodologies of Aza-BODIPYs
Although tremendous chemical modiﬁcations have been conducted based on the BODIPY
core structure, the most interesting and charming BODIPY derivative is the so-called aza-
BODIPY whose meso-position is N instead of C. The spectral bands of the BODIPY can
be shifted bathochromically signiﬁcantly in their aza-BODIPY analogs. As depicted in Fig-
ure 3.3.1, there are two main sorts of structure for aza-BODIPY, namely the tetraaryl type and
the fused type. The former type processes four aromatic substituents on 1,3,5,7-positions, and
the latter type can be either α,β-fused or β-fused. The synthetic routes for different structures
of aza-BODIPYs will be reviewed brieﬂy.
3.3.1 2,4-Diarylpyrrole
Symmetric aza-BODIPYs can be obtained by a four-step synthesis route according to the Re-
action 4 shown in Figure 3.3.2. The aldol condensation produces chalcone, and the Michael
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Figure 3.3.1: Molecular structures of aza-BODIPY in different structural types.
Figure 3.3.2: General synthetic route of symmetric aza-BODIPY from 2,4-diarylpyrrole.
addition of nitromethane to chalcone gives the adduct that can be converted into 2,4-diarylpyrrole.
The critical step is the pyrrole ring closure which affords 2,4-diarylpyrrole. Ammonium
serves as the source of ammonia in the closure of the pyrrole ring. Usually the formed 2,4-
diarylpyrrole is used in-situ in the following condensation step, giving aza-dipyrromethene
at high temperature. O’Shea and co-workers systematically studied the synthesis of tetraaryl
aza-BODIPY according to the Reaction 4 .[89] They came up with the optimized condensa-
tion condition of the 2,4-diarylpyrrole using ammonium acetate. Meanwhile, they pointed out
that the addition of alcohol solvents can make the so-formed aza-dipyrromethene to precipi-
tate from the reaction mixture, which facilitates the isolation and enhances the yield. The ﬁnal
coordinating with BF2 was performed exactly the same as BODIPY, using organic base and
boron triﬂuoride etherate complex.
The abundant starting materials of the aldol condensation provide rich structures for the tetraaryl-
type aza-BODIPYs. For example, Hartmann and Xiao individually reported the syntheses of
aza-BODIPYs 19 with thiophene, and 20a/20b with both thiophene and phenyl substituents
(Figure 3.3.3).[90][91] All the three dyes show high molar extinction coefﬁcients in solution.
Due to the electron donating properties, aza-BODIPY 19 with four thiophenyl substituents
presents the longest absorption maximum around 740 nm and the highest HOMO energy level
around –5.25 eV. Aza-BODIPY 20a with thiophenyl groups on 1,7-positions has shorter ab-
sorption maximum of 683 nm than that of 718 nm in 20b with thiophenyl on 3,5-positions.
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Figure 3.3.3: Synthesis of the symmetric aza-BODIPY 19, 20a and 20b. Reaction condition:
(i) KOH, EtOH, room temperature; (ii) CH3NO2, EtOH, K2CO3, reﬂux; (iii) BuOH, NH4OAc,
reﬂux; (iv) BF3•O(Et)2, DCM, DIPEA, reﬂux.
Figure 3.3.4: Synthesis of the symmetric aza-BODIPY 21a–21d. Reaction condition: (i)
MeOH/H2O, NaOH, reﬂux, 2 h; (ii) MeNO2, MeOH/Me3N, reﬂux, 24 h; (iii) EtOH, NH4OAc,
reﬂux, 48 h; (iv) BF3•O(Et)2, DCM, DIPEA, room temperature, 24 h.
These results demonstrate that both aryl substituents and the corresponding substituting posi-
tions have inﬂuence on the photophysical properties of the tetraaryl-type aza-BODIPYs.
Recently, Gupta and co-workers studied a series of aza-BODIPYs 21a–21d with carbazole
moieties synthesized according to the mechanism of the Reaction 4 (Figure 3.3.4).[92] The ex-
change of phenyl by thiophenyl on the 3,5-positions again demonstrated efﬁcient bathochromic
shifts of both absorption and emission bands when comparing 21a/22a and 21b/22b. Mean-
while, carbazole moiety also exerts obvious inﬂuence on these spectra. For example, the ab-
sorption and emission maxima in toluene are 735 nm and 744 nm for 22a, while these values
become 750 nm and 771 nm in 22b respectively.
3.3.2 5-Nitroso-2,4-diarylpyrrole and Pyrrole
The main drawback of the Reaction 4 is that only symmetric aza-BODIPY core can be ob-
tained. Another approach to synthesize aza-BODIPY chromophore is reacting 5-nitroso-2,4-
diarylpyrrole and another pyrrole given as the Reaction 5 in Figure 3.3.5. The substituents on
the 5-nitroso-2,4-diarylpyrrole and the other pyrrole derivatives can be either same or different.
Thus, both symmetric and asymmetric aza-BODIPYs with tetraaryl geometry can be obtained.
Meanwhile, conformationally restricted aza-BODIPYs with fused ring on α,β-positions can
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Figure 3.3.5: General synthetic route of symmetric or asymmetric aza-BODIPY from 5-
nitroso-2,4-diarylpyrrole and pyrrole.
Figure 3.3.6: Synthesis of the asymmetric aza-BODIPY 23a and 23b. Reaction condition:(i)
AcOH, 0 °C, 10min; (ii) acetic anhydride, 30min, 80 °C; (iii) DCE, EtN3, BF3•O(Et)2, 80 °C,
30min.
also be obtained. The nitroso group can be introduced on the 5-position of 2,4-diarylpyrrole
or fused pyrrole efﬁciently by using sodium nitrite. The following condensation with another
pyrrole molecule results in the corresponding aza-dipyrromethene precursor. For symmet-
ric aza-BODIPYs, the nitrosation, the condensation and the formation of aza-BODIPY can be
processed in a one-pot reaction. However, the nitrosation product must be prepared in advance
for the synthesis of asymmetric aza-BODIPYs.
Jiang and Guennic et al. reported the syntheses of two asymmetric aza-BODIPY 23a and 23b
according to the Reaction 5 (Figure 3.3.6).[93] The nitrosation product of 2,4-diarylpyrrole
was formed in-situ and the second 2,4-diarylpyrrole with ﬂuorinated phenyl moiety was added
into the system to provide the asymmetric aza-dipyrromethene precursor. The isolated pre-
cursor reacted with boron triﬂuoride etherate complex to afford the ﬁnal asymmetric aza-
BODIPYs.
Jiao, Wang and Hao et al. synthesized four symmetric aza-BODIPYs 24a/24b and 25a/25b
with aromatic fusions on α,β-positions according to the mechanism of the Reaction 5 (Fig-
ure 3.3.7).[94] The condensation of the thiophenyl fused pyrrole reactant and the subsequent
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Figure 3.3.7: Synthesis of the symmetric aza-BODIPY 24a/24b and 25a/25b with aromatic
α,β-fusion. Reaction condition: (i) NaNO2, AcOH; (ii) BF3•O(Et)2, DIPEA, DCM.
coordination with BF2 was completed in a one-pot reaction with reasonable yields from 54%–65%,
using two equiv of pyrrole and one equiv of sodium nitrite. Due to the extension of the conju-
gated structure, the molar extinction coefﬁcients of the dyes are at a high level from 144,500
to 223,900 L/(mol cm). The introduction of the second phenyl substituent in 25a/25b do not
inﬂuence the photophysical properties obviously, making 24a/25a and 24b/25b who share the
same R– group present similar absorption maxima of 788/784 nm and 767 nm respectively.
This may be assigned to the inefﬁcient coupling of these phenyl rings with the aza-BODIPY
chromophore core, due to the big dihedral angles which can be revealed by the single crystal
structures.
Carreira and Zhao intensively investigated thirteen aza-BODIPYs 26a–26m with either sym-
metric or asymmetric geometries according the mechanism of the Reaction 5 (Figure 3.3.8).
These dyes had non-aromatic α,β-fusion on either one side or both sides, and this work demon-
strated the universality of the Reaction 5 in building aza-BODIPYs.[95] All these dyes have
high molar extinction coefﬁcients ranging from 66,500 to 162,000 L/(mol cm), and present
red to NIR emission maxima from 692 nm to 815 nm.
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Figure 3.3.8: (a) Pyrrole building blocks for aza-BODIPYs; (b) Prepared symmet-
ric/asymmetric aza-BODIPYs 26a–26m with non-aromatic rigid conﬁguration on α,β-
positions. Represented with permission from reference [95], Copyright 2006, Wiley–VCH)
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Figure 3.3.9: General synthetic route of symmetric aza-BODIPY with aromatic fusions on
β-positions from phthalonitrile and Grignard reagent.
3.3.3 Phthalonitrile and Grignard Reagent
Another important synthetic mechanism presented in Figure 3.3.9 as the Reaction 6 is able
to provide symmetric 3,5-diaryl aza-BODIPYs with aromatic fusions on β-positions. This
reaction seems to be facile and commercially viable, due to the easy access of the cheap
reactants, phthalonitrile derivatives and the aryl-magnesium bromide. Meanwhile, the ﬁnal
products can be obtained through a two-step reaction: (i) reacting of a phthalonitrile deriva-
tive and a Grignard reagent to afford the intermediate addition product which undergoes a
ring closure process consequently, resulting in pyrrole rings, and two molecules of the in-
situ formed 5-aminopyrrole pyrrole condenses together in formamide solvent to provide the
aza-dipyrromethene precursor; (ii) reacting the precursor with boron triﬂuoride eatherate in
the presence of organic base. Due to the variety of commercially available phthalonitrile
derivatives and easily prepared aryl-magnesium bromide, this route is favorable for large scale
production of such aza-BODIPYs with fused structures.
Gresser and co-workers systematically prepared six aza-BODIPYs 27a–27f with phenyl fu-
sion on β–positions using phthalonitrile and various Grignard reagents (Figure 3.3.10).[96]
Although the yields of step (ii) are all over 50%, those for step (i) varied from over 30% for
27a–27c to 21% for 27f and extremely low values of 6%/3% for 27d/27e respectively. It can
be inferred that the substituents on the ortho-positions can decrease the overall yield due to
a large spacial hindrance. All the dyes have intense absorption with molar extinction coef-
ﬁcients ranging from 85,000 to 106,000 L/(mol cm). The introduction of electron donating
methyl and methoxyl groups on para-positions brings slight bathochromic shifts of the ab-
sorption maxima. While these groups on ortho-positions cause hypsochromic shifts. When
the phenyl ring is changed by electron-rich thiophenyl rings, the absorption maximum presents
obvious bathochromic shift from 715 nm of 27a to 793 nm of 27f.
By using phthalonitrile analogs 1,2-dicyanonaphthalene and 2,3-dicyanonaphthalene, Shen
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Figure 3.3.10: Synthesis of the symmetric aza-BODIPY 27a–27f with phenyl fusion on
β–positions. Reaction condition: (i) Et2O, –20 °C→room temperature, 3 h; formamide, re-
ﬂuxing, 5min; (ii) DIPEA, BF3•O(Et)2, DCE.
Figure 3.3.11: Synthesis of the symmetric aza-BODIPY 28a/28b with naphtho fusion on β-
positions and the precursors 29a/29b. Reaction condition: (i) benzene, room temperature, 1 h;
(ii) BF3•O(Et)2, Et3N, benzene, reﬂux.
and Kobayashi et al. tried to synthesize aza-BODIPYs with naphtho fusion on β-positions.
They obtained two aza-BODIPY 28a/28b and two precursor 29a and 29b that cannot be
converted into the ﬁnal aza-BODIPYs due to the instability of their BF2 adducts in solution
(Figure 3.3.11).[97] Although there can be three isomers for the aza-BODIPY synthesized by
1,2-dicyanonaphthalene theoretically, only symmetric 28a/28b were observed.
3.3.4 Phthalonitrile and t-BuOK
Li, Shen and You et al. developed a novel and facile synthetic route for asymmetric aza-
BODIPY from phthalonitrile and t-BuOK in DMF, and obtained four derivatives 30a–30d in
large scale from commercially available reactants (Figure 3.3.12).[98] It is inferred that the
deprotonated phthalonitrile at the ortho-position acted as a nucleophile to attack the cyano
group of a second phthalonitrile and a three molecule condensation is achieved after further
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Figure 3.3.12: Synthesis of the asymmetric aza-BODIPY 30a–30d using phthalonitrile
derivatives and t-BuOK. Reaction condition: (i) t-BuOK, DMF; (ii) NH(CH3)2, THF; (iii)
BF3•O(Et)2, Et3N, DCM, reﬂux.
nucleophillic reaction, which is marked by the red dash rectangle. The formed amino group
on aza-diisoindolymethene is transferred to dimethylamino group by reacting with dimethy-
lamine, and the coordination with boron was carried out using boron triﬂuoride eatherate and
triethyl amine in DCM. This reaction mechanism provids an distinguishing asymmetric aza-
BODIPY structure with donor–π–acceptor electronic conﬁguration.
3.4 Post–Modiﬁcations on BODIPY Core
After the establishing of the BODIPY core structure, post–modiﬁcations can still be carried
out to introduce functional moieties. There are two main post–modiﬁcation strategies: ﬁrst,
attaching the functional segments to the unsubstituented C on the pyrrole rings via single
bonds; second, replacing ﬂuorine atoms in BF2 group using other negative atoms or groups.
3.4.1 Modiﬁcations on Pyrrole Rings
The mesomeric structure analysis reveals that 2,6-positions of the BODIPY core bear the least
positive charge, so they are the most active positions to the electrophilic attack. However, other
positions can also be attacked in different reaction conditions. Thus, electrophilic substitution
reactions are always controlled by introducing blocking substituents on inexpectant positions.
The 2,6-dinitro BODIPY can be obtained via nitration with nitric acid at 0 °C, the introduction
of the nitro groups drastically reduces the ﬂuorescence PLQY to almost zero.[99] Meanwhile,
the sulfonation can be performed by treating BODIPY with chlorosulfonic acid and followed
by the neutralization with base. The introduction of sulfonate groups does not inﬂuence the
PLQYs and absorption/emission spectra signiﬁcantly. However, the solubility in water of the
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Figure 3.4.1: Nitration and sulfonation electrophilic substitution reaction examples.
Figure 3.4.2: Chlorination on different position of BODIPY using NCS as the halogenating
reagent.
modiﬁed BODIPYs can be enhanced.[100]. Substituents numbers also can be controlled by
varying the reactants ratio and monosulfonated system can be obtained by 1:1 starting ratio.
These two electrophilic substitution reactions are schematically illustrated in Figure 3.4.1.
Halogenation is another electrophilic post-modiﬁcation approach and is more meaningful than
the other two reactions mention above, because the introduced halogen atoms with strong
electronegativity can be further attacked by nucleophiles. Carcia-Moreno, Chiara and Or-
tiz et al. reported the chlorination on a non-substituted BODIPY using different amount
of N -chlorosuccinimide (NCS) as the halogenating reagent.[101] As shown in Figure 3.4.2,
monochlorinating product can be obtained using 1:2 ratio of the BODIPY and NCS. By in-
creasing the ratio of NCS, 2,6-dichloro, 3,5,6-trichloro or 2,3,5,6-tetrachloro derivatives can
be obtained with starting ratio of 1:3, 1:4 or 1:10, respectively. When using 1:14 of the
dipyrromethane and NCS, a dipyrromethane precursor can be obtained with all H atoms on
pyrrole rings replaced by Cl atoms, and the ﬁnal BODIPY can be obtained after the oxidation
using DDQ.
There are several reports about the bromination on different positions of BODIPY. Wang and
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Figure 3.4.3: Different bromination routes on different position of BODIPY.
He et al. reported the introduction of bromide substituents on the 2,6-positions in a series
of BODIPYs (Figure 3.4.3(a)). The bromination can be processed using 2.4 equiv of N -
bromosuccinimide (NBS) as the source of bromide in a combined solvent of choline chloride
and 1,1,1,3,3,3-hexaﬂuoro-2-propanol at room temperature.[102] The bromination also can
take place on the 1,7-positions when the other carbon atoms in the pyrrole ring are blocked
according to the publication of Dehaen and co-workers (Figure 3.4.3(b)). They used 2.0 equiv
of bromine as the halogenation reagent, and it was added to the DCM solution of BODIPY in
presence of 2.2 equiv of NaHCO3 at room temperature. The 1,7-dibromo BODIPY derivative
was isolated at high yield.[103]. The bromination on the 2,6-positions of aza-BODIPY was
also reported based on tetraaryl type aza-BODIPY (Figure3.4.3(c)). Hayvali and Yaglioglu et
al. demonstrated the introduction of bromide substituents on the 2,6-positions using NBS as
the bromination source in DCM at room temperature with reasonable yields from 38%–83%
according to different aryl moieties in the 1,3,5,7-positions.[104]
With the largest volume and the highest activity towards nucleophile reagents, iodination was
also tested in both BODIPY and aza-BODIPY. Nagano and co-workers reacted the BODIPY
with methyl groups on the 1,3,5,7-positions and 2.5 equiv of iodine in presence of 2.0 equiv
of iodic acid at 60 °C for 20min. The H atoms on the 2,6-positions were replaced by iodine
substituents in high yield of 83% (Figure3.4.4(a)).[105] Misra and co-workers demonstrated
the iodination at the same position in aza-BODIPY. 1,3,5,7-tetraphenyl aza-BODIPY was re-
acted with N-iodosuccinimide (NIS) in a mixture solvent of DCM and acetic acid, and the
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Figure 3.4.4: Iodination on 2,6-position of BODIPY and aza-BODIPY.
iodinated aza-BODIPY was isolated at a high yield of 80% (Figure 3.4.4(b)).[106]
3.4.2 Modiﬁcations on BF2 Moiety
The ﬂuorine atoms can be replaced by other nucleophiles to introduce various substitutions
on the B atom. Alkoxide groups are interesting candidates to form B–OR structures. One
of the synthetic route is reported by Nagano and co-workers simply reﬂuxing the BODIPY
with sodium methoxide in methanol.[107]. Both monomethoxyl and dimethoxyl products
were isolated. However, the photophysical of all the derivatives are almost the same as the
starting BODIPY in solution (Figure 3.4.5(a)). Another approach was published by Mély and
Bonnet et al. using alcohols as the starting material in the presence of AlCl3.[108] This mech-
anism provided not only the B(OR)2 structure, but also the B(O2R) structure from mono-
hydric alcohols or diols, respectively (Figure 3.4.5(b)). The 2’-methoxyl groups on the α-
phenyl ring of the BODIPY provides a special constrained extended structure. Burgess and
co-workers reported the synthesis of a restricted BODIPY with intramolecular B–O bonds
(Figure3.4.5(c)).[109] The rotation around α-C–C bond is prevented and the derivative is
bathochromically shifted and enhanced emission characteristic compared to the starting BOD-
IPY, which is attributed to the increased rigidity.
Acetylide anions are good nucleophiles for the displacement of ﬂuorine atoms from the BF2
entity. Usually, lithioethynyl moiety is necessary for the acetylide anion precursors. As shown
in Figure 3.4.6(a), Ulrich and Ziessel et al. used 4-lithioethynyltoluene and 1-lithioethynylpyrene
to synthesized two BODIPY derivatives.[110] Another useful modiﬁcation is the introduction
of the trimethylsilylacetylide whose trimethylsilyl group (TMS) can be transferred into other
functional groups easily in the following reactions. Ziessel and co-workers reported a syn-
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Figure 3.4.5: The published examples of the replacement of F by alkoxide groups.
Figure 3.4.6: The displacement of F with acetylide anions.
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Figure 3.4.7: Replacement of F using Grignard reagents or organolithium reagents.
Figure 3.4.8: Replacement of F with cyano groups.
thetic route using trimethylsilylethynyl lithium as the reactant in THF at room temperature to
synthesize such derivatives.(Figure3.4.6(b)).[111]
Both alkyl and aryl Grignard reagents can replace ﬂuorine atoms from the BF2 unit. Garcia-
Moreno and Ortiz et al. prepared two BODIPY derivatives using a commercially available
BODIPY and ethyl magnesium bromide or phenyl magnesium bromide in DCM.[112] Both
ﬂuorine atoms were changed by the corresponding ethyl or phenyl substituents if the ration
of BODIPY and Grignard reagents is 1:2. However, if the reaction was carried out at low
temperature, only monosubstituted products can be obtained despite of excess amount of
Grignard reagents (Figure 3.4.7(a)). Moreover, aryl lithium reagents also can be used for
the same purpose. The exchange reaction can be ﬁnished very fast at room temperature (Fig-
ure 3.4.7(b)).[113]
Cyano group was also tested to replace ﬂuorine atoms using trimethylsilyl cyanide as the
source of the cyano group. It was reported that the dicyano product can be obtained by reacting
the BODIPY with 10 equiv of trimethylsilyl cyanide in DCM at room temperature.[112] The
corresponding process is illustrated in Figure 3.4.8

Chapter 4
Application of BODIPYs in
Heterojunction Organic Solar Cells
Owing high absorption coefﬁcients, tunable photophysical and electrochemical properties,
BODIPY derivatives are regarded as promising photo-active materials for OSCs. The research
of BODIPY based OSC started several years ago and numerous novel materials, including
small molecules, oligomers and polymers have been developed. This fully demonstrates the
ﬂexible functional modiﬁcation and rich structural adjustability of the BODIPY core. These
materials can be employed in either solution-processed or vacuum-processed devices. Al-
though the performance varied from a PCE less than 1% to more than 7%, BODIPY based
OSC has become an active research topic, and further enhancement of the device performance
can be expected on the basis of previous fundamental research.
4.1 Small Molecule in Solution-processed Device
Some early developed BODIPY donors were tested in solution-processed OSCs. In 2009,
Roncali and co-workers synthesized two BODIPY derivatives 31a/31b (Figure 4.1.1) with ﬂu-
orine atoms in the BF2 moiety replaced by long chain acetylenyl groups, while styryl groups
with long ether chain structure were attached to the α-positions.[114] The molecules have
absorption maxima at 572 nm and 646 nm with high molar extinction coefﬁcients of 93,500
and 126,000 L/(mol cm), respectively. Both materials were tested as the electron donor ma-
terial in spin-coated BHJ OSCs using PC61BM as the electron acceptor from a chloroform
solution with a donor:acceptor (D:A) 1:2 weight ratio on poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT–PSS) coated ITO substrate. The Voc of the two devices are
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Figure 4.1.1: Molecular structures of 31a–31c BODIPY small molecules for solution-
processed BHJ OSCs.
0.80V and 0.75V, but the Jsc values are lower than 4.5mA/cm2 and the FFs are only 0.34 and
0.44 respectively. This can be blamed to the poor exciton dissociation which can be evidenced
by the low EQE of no more than 45%. Consequently, the PCE of the device of 31a and 31b
are only 1.17% and 1.34%. Later, they tried to mixed these two BODIPY derivatives in multi-
donor BHJ devices.[115] The BHJ layer was spin-coated using a chloroform solution of 31a,
31b and PC61BM in 1:1:2 weight ratio. Owing to complementary absorption of 31a and 31b,
the device presents a wide EQE spectra covering a range from 400 to 800 nm. TheVoc reaches
0.87V, but the Jsc and the FF are still only 4.70mA/cm2 and 0.42, which can also be blamed
to the insufﬁcient dissociation. The PCE of this device is enhanced a bit to 1.70%. Based on
31b, a 5-hexyl-2,2’-bithienyl unit was introduced on the meso-position, and a new BODIPY
derivative 31c (Figure 4.1.1) was prepared. Both the photophysical and electrochemical pa-
rameters are almost the same for 31b and 31c. The BHJ devices based on these two donors
and PC61BM acceptor have the same Voc of 0.75V, but the Jsc of 31c device is much higher
than 31b device. This may attributed to the improved hole transporting property and better
crystalline behavior of 31c in solid state. The PCE of 31c device reaches 2.20%.
In 2011, Ziessel and co-workers synthesized a series of triazatruxene (TAT) functionalized
BODIPY derivatives 32a–32c (Figure 4.1.2) where TAT moiety was characterized by good
hole mobility.[116] These dyes present narrow and intense absorption bands peaking at 501 nm,
609 nm and 607 nm with high extinction coefﬁcients of 87,000, 112,000 and 125,000 L/(mol
cm) in solvents, respectively. All the BHJ devices using 32a–32c as the donor and PC61BM
as the acceptor give poor PCEs less than 1%, which is mainly due to the low FFs around
0.29. According to the J−V curves, the low FF is caused by the small shunt resistance which
indicated inefﬁcient charge carrier extraction.
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Figure 4.1.2: (a) Molecular structures of 32a–32c BODIPY small molecules with TAT moiety
for solution processed BHJ OSCs; (b) J−V curve of the BHJ OSC based on 32b that has the
highest PCE of 0.90%. (Represented with permission from reference [116], Copyright 2011
American Chemical Society)
Later, the authors came up with another series of BODIPYs 33a–33d (Figure 4.1.3) with bis-
vinyl-thienyl modules on the α-positions.[117] The single crystal structure of 33b reveals that
the molecule adopts a plain structure, and the meso-phenyl ring is orthometric to the BODIPY
core. In both solvent and solid state, all the dyes presents two comparable absorption bands in
the UV region and in the visible region. All the dyes were employed as the donors in solution-
processed BHJ OSCs using PC61BM as the acceptor. The device of 33b gives the superior
performance with almost doubled Jsc of 14.2mA/cm2 compared with the other donors. A
PCE of 4.7% is achieved in BHJ with a D:A ratio of 2:1. The good device results of 33b can
be attributed to its balanced hole and electron mobility, while the other dyes present only hole
transport character.
Lin and co-workers developed four BODIPY dyes 34a–34d (Figure 4.1.4) with electron donat-
ing moieties on the 2,6-positions.[118] In THF solutions, the absorption bands of the BODIPY
core appear at 530–580 nm and the peaks from 300 to 450 nm can be assigned to the elec-
tron transitions within the peripheral segments. The elongation of the conjugation length in
34c/34d results in bathochromic shifts. Meanwhile, the insertion of an alkyne entity releases
the steric congestion between the BODIPY core and the thiophene ring, which is beneﬁcial to
the light harvesting. BHJ OSCs are prepared using these dyes as the donors and PC71BM as
acceptor with a mixing ratio of 1:3. Devices of 34c/34d presented higher Jsc than 34a/34b,
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Figure 4.1.3: (a) Molecular structures of 33a–33d with bis-vinyl-thienyl modules; (b) Sin-
gle crystal structure of 33b in front and side view. (Represented with permission from
reference[117], Copyright 2012 American Chemical Society)
Figure 4.1.4: Molecular structures of 34a–34d with electron donating substituents on the 2,6-
positions.
respectively, due to their stronger light harvesting ability. The Voc of all the devices are higher
than 0.90V. In the best device based on 34c, theVoc is as high as 0.99V and the PCE is 3.22%.
In 2014, Zhan and co-workers synthesized a BODIPY 35a with 2,2’-dithiophenyl groups
linked via ethenyl groups on the 3,5-positions and a thiophenyl on the meso-C. Furthermore, a
BODIPY dimer 35b was obtained by coupling two 35a molecule via 5-position of the meso-
thiophene by another thiophene moiety (Figure 4.1.5).[119] Although the absorption bands of
the monomer BODIPY 35a and the dimer BODIPY 35b are almost unshifted, the intensity
of the dimer is much stronger than the monomer. In the BHJ OSCs using PC71BM as the
acceptor, the 35b device presents a Jsc of 11.3mA/cm2, which is almost doubled than that of
35a device. From the transmission electron microscope (TEM) and grazing incidence X-ray
diffraction (GIXRD) results, it is found that the ordered packing of the monomer BODIPY
is ruined in the blend layer, while such packing can be maintained for the dimer BODIPY.
Meanwhile, the hole/electron mobility in the dimer is higher and more balanced than in the
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Figure 4.1.5: Molecular structures of monomer BODIPY 35a and dimer BODIPY 35b.
Figure 4.1.6: Molecular structure of (a) star-shaped BODIPY 36 and (b) BODIPY 37a–37c
with carbazole functional moiety on meso-position.
monomer. These can explain the two-fold enhanced PCE of 3.13% in 35b device.
Chen and Xiao et al. synthesized a star-shaped BODIPY derivative 36 (Figure 4.1.6(a))with
carbazole functional moieties.[120] The absorption maximum is over 700 nm in toluene and
is further bathochromically shifted to 760 nm in solid state. In the BHJ OSC using 36 as the
donor and PC61BM as the acceptor with a D:A mixing ratio of 1:3, the device gives the highest
PCE of 2.70% which is credited to the reasonable Jsc of 8.17mA/cm2 and the Voc of 0.85V.
However, the low FF of 0.39 greatly hindered the PCE value. Later, Misra and Sharma intro-
duced carbazole derivatives in the meso-position via an acetylenyl group to synthesize three
BODIPY derivatives 37a–37c (Figure 4.1.6(b)).[121] In the BHJ OSCs using these dyes as
the donors and PC61BM as the acceptor, PCEs from 2.20% to 2.71% are obtained. After the
thermal annealing, the device of 37a and 37c presents enhanced PCEs of 3.99% and 3.56%.
Further solvent vapor annealing treatment improves the PCEs to 5.05% and 4.80%, respec-
tively. These improvements mainly stems from the increased FF along with the decreasing
serial resistance and the increasing shunt resistance.
Singh and co-workers developed a novel BODIPY 38 (Figure 4.1.7) with dithiafulvalene (DTF)
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Figure 4.1.7: (a) Molecular structure of BODIPY 38 with DTF unit and (b) absorption spectra
of 38 in solution and solid state. (Represented with permission from reference [122], Copy-
right 2017 Royal Society of Chemistry)
moieties attached on the 2,6-position via furan groups as conjugation links.[122] This molecule
presents three absorption bands peaking around 380, 460 and 640 nm, which can be attributed
to the π–π* transition in the peripheral DTF moiety, in the meso-methyl phenyl unit, and in-
tramolecular charge transfer between the BODIPY core and the DTF moieties, respectively.
The BHJ OSC using 38 as the donor and PC61BM as the acceptor without annealing treatment
had a best PCE of 5.30% when the D:A mixing ratio is 1:3. The annealing of the photoactive
layer obviously enhances the PCE to 7.20% with a Voc of 0.77V, a Jsc of 13.79mA/cm2 and a
FF of 0.67. The high Jsc can be attributed to the complementary absorption revealed by the
EQE spectra covering a wide range from 300 to 900 nm, while the high FF is reasoned by
balanced charge carrier mobility and a smooth surface of the active layer.
Lévêque and Leclerc et al. designed two BODIPY derivatives 39a and 39b (Figure 4.1.8) with
triazatruxene moieties on the 2,6-positions linked by ethylene or ethynyl π bridges.[123] These
two dyes exhibit two absorption bands around 400 nm and 750 nm in solution and a reasonable
hole mobility on the order of 10−4 cm2/(V s). They were used as donor materials in BHJ OSCs
with PC61BM acceptor. Although the 39b device has a lowerVocof 0.64V, it beneﬁts from the
high FF of 0.65, and a PCE of 5.80% is achieved with high Jsc of 13.90mA/cm2, while for
the 39a device, the PCE is only 2.90% which suffers from low FF of 0.39.
Peng and Zhu et al. reported three BODIPY dimers 40a–40c (Figure 4.1.9) with two BOD-
IPY chromophores connected via electron donating building blocks 4,8-bis(5-(2-ethylhexyl)
thiophen-2-yl)benzo[1,2-b:4,5-b]dithiophene (BDTT), 9,9-dioctyl-9H-ﬂuorene (FL), and thieno[3,2-
b]thiophene (TT) respectively.[124] These dimers have moderate absorption bands from 300 nm
to 450 nm, while the intense BODIPY typical absorption maxima located around 650 nm,
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Figure 4.1.8: Molecular structure of the BODIPY derivatives 39a and 39b with triazatruxene
moieties on the 2,6-positions.
570 nm and 690 nm in solution, respectively. These intense absorption bands show slight
bathochromic shifts and obvious broadening effects in neat ﬁlms. When used as donors in BHJ
OSCs, the device performances are superior when using PC71BM as acceptor than PC61BM,
and The optimized D:A mixing ration is 1:1.5. The Voc of the devices range from 0.87V to
0.99V and the FFs are around 0.45. However, the Jsc of the 40a device exceeds two-times
than the others, reaching 10.55mA/cm2. Thus, the PCE of 40a device is 4.75%, while the PCE
of the devices based on 40b and 40c are only 1.51% and 1.67%, respectively. In spite of the
highest hole mobility of 40a, the best phase separation in nanoscale of blend ﬁlms evidenced
by the atomic force microscope (AFM) images also contributes to the high Jsc in the device of
40a.
Sharma and Coutsolelos et al. constructed a donor material 41 (Figure 4.1.10) combining the
BODIPY with a porphyrin derivative via triazine units.[125] In both solution and thin ﬁlm, the
molecule presents intense typical absorption of porphyrin located at 420 nm and a moderate
band around 500 nm owing to the transition on BODIPY cores. In a BHJ OSC built by 41 as
the donor and PC61BM as the acceptor with a mixing ratio of 1:1, a good PCE of 5.29% can be
achieved with a high Jsc of 10.48mA/cm2, a Voc of 0.90V and a FF of 0.56, using pyridine as
an additive. The EQE of the device covers a wide range from 350 nm to 700 nm at a constant
value around 50%. The AFM studies on the active layer demonstrates that the additive of the
pyridine improves the phase separation and reduces the domain sizes, which is favorable for
the high performance.
BODIPY derivatives have also been applied in BHJ OSCs as the electron acceptor. In 2014,
Thayumanavan and co-workers synthesized three symmetric BODIPY dimers 42a–42c (Fig-
ure 4.1.11) connected by electron donating entities, namely 4,8-bis(5-(2-ethylhexyl) thiophen-
2-yl)benzo[1,2-b:4,5-b’]dithiophe (BDP), 4,4-bis(2-ethylhexyl)-4H-cyclopenta-[2,1-b:3,4-b]dithiophe
(CPDT) and N-(2-ethylhexyl)-dithieno[3,2-b:2’,3’-d]pyrrole (DTP).[126] The constructions
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Figure 4.1.9: (a) Molecular structure of BODIPY dimers 40a–40c and (b) tapping-mode
AFM images of the dimer/PC71BM blend active layer. (Represented with permission from
reference[124], Copyright 2015 Wiley–VCH)
Figure 4.1.10: (a) Molecular structure of 41 with BODIPY and porphyrin units and (b) ab-
sorption spectra in solution and thin ﬁlm. (Represented with permission from reference[125],
Copyright 2015 Royal Society of Chemistry)
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Figure 4.1.11: Molecular structures of BODIPY dimer acceptor 42a–42c.
of the absorption spectra for all the dyes are similar with a typical BODIPY sharp band and
a low-energy intramolecular charge transfer band. Their electron mobility is on the order of
10−5 cm2/(V s). In the BHJ OSCs using poly(3-hexylthiophene-2,5-diyl) (P3HT) as the donor
and these dimers as the acceptors, the FF is around 0.60. However, due to the low Jsc and
Voc, the PCEs are no more than 1.6%, and the highest is 1.51% achieved by 42b with CPDT
moiety.
4.2 Polymers in Solution-processed Devices
Due to the efﬁcient conjugation of the BODIPY core, attempts to integrate it into the back-
bones of polymers were carried out from 2010. Ma and Fréchet et al. ﬁrst reported the poly-
mers 43a and 43b (Figure 4.2.1) with BODIPY monomers.[127] In the thin ﬁlm, they present
intense absorption bands covering from 500 nm to 800 nm. BHJ OSCs were fabricated with
43a/43b as the donor and PC61BM as the acceptor. For 43a devices, the highest PCE is 1.30%
achieved by a D:A mixing ratio of 1:4. The Jsc is only 4.00mA/cm2 and the FF is 0.43 with
a S-kink. While the 43b device has a better Jsc of 4.82mA/cm2, a FF of 0.51 and the high-
est PCE is 2.00% at a D:A ratio of 1:3. The poor device performance can be blamed to the
unfavorable phase separation in nanoscale and the low hole mobility.
Choulis and co-workers prepared ﬁve polymers 44a–44e (Figure 4.2.2) with a BODIPY core
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Figure 4.2.1: Molecular structures of the polymers 43a and 43b with BODIPY backbones.
Figure 4.2.2: Molecular structures of the polymers 44a–44e with BODIPY core in main
chains.
in the main chain.[128] Although they present strong absorbing capabilities with extinction
coefﬁcients from 70,000 to 280,000 L/(mol cm), only 44c was used as the donor to fabricate
BHJ solar cell with the acceptor PC61BM. The best D:A mixing ratio is found to be 1:4, and
the PCE is only 0.62% due to the poor Jsc and FF values. This indicates that the exciton
dissociation is extremely inefﬁcient, and the device might have small shunt resistance.
Chochos and co-workers synthesized a polymer 45 (Figure 4.2.3) with an α,β-unsubstituted
BODIPY core in the main chain.[129] Its absorption spectrum in solution is consisted of two
bands with similar intensity, peaking at 450 nm and 800 nm, while the spectrum is slightly
broadened in solid state. According to the cyclic voltammetry (CV) measurement, the band
gap between HOMO and LUMO is only 1.14 eV, making it a promising NIR donor material. A
BHJ solar cell was prepared using 45 as the donor and PC71BM as the acceptor with a mixing
ratio of 1:3, and the device gives a satisfying FF of 0.56. Due to the high lying HOMO
and relatively low light harvesting ability, the Voc and Jsc are only 0.59V and 3.39mA/cm2,
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Figure 4.2.3: (a) Molecular structure of polymer 45 with an α,β-unsubstituted BODIPY core
in the main chain and (b) absorption spectra in both solution and ﬁlm. (Represented with
permission from reference [129], Copyright 2015 Royal Society of Chemistry)
resulting in a PCE of 1.10%.
4.3 Small Molecule in Vacuum-processed Device
BODIPY small molecule shows not only high photostability but also high thermal stability,
which is favorable for sublimation to fabric devices via vacuum-deposition. Usually, small
molecules suitable for sublimation should avoid long chain substituents and too large conju-
gated structure, which can increase the intermolecular interaction strength. Substituents such
as methyl, triﬂuoromethyl and iso-propyl, can facilitate the sublimation due to their relatively
big steric hindrance that can reduce the stacking between the molecules.
Thompson and co-workers reported the application of a BODIPY 46 (Figure 4.3.1) with the
β-fused phenyl rings in vacuum-processed OSCs[130] The compound presents sharp absorp-
tion spectrum around 600 nm in solution, and the band is greatly broadened covering a range
from 500 nm to 700 nm, peaking at 640 nm with a high absorption coefﬁcient of 303,000 /cm.
It was fabricated into PHJ OSCs as the donor and C60 as the acceptor. The stack was ITO/46
(10–110 nm)/C60 (40 nm)/bathocuproine (10 nm)/Al. It is found when the donor layer thick-
ness is 10 nm, theVoc and FF are very low, making the J−V curve similar to that of simple C60
junction, which indicated 10 nm-thick donor layer is not continuous, and C60 layer has direct
contact with the ITO. The FF change proportionally with the donor thickness increasing up
to 50 nm, and then kept stable up to 110 nm, suggesting the improved charge conduction and
induced favorable morphology with thicker donor layer. The best PCE of 4.50% is achieved
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Figure 4.3.1: (a) Molecular structure of β-phenyl fused BODIPY 46 and (b) the J −V
curves of the PHJ with different donor layer thickness. (Represented with permission from
reference[130], Copyright 2015 American Chemical Society)
at a thickness of 70 nm for the donor layer.
Owing to the potential long wavelength absorption, aza-BODIPY materials attracted research
interests as NIR donors for vacuum-processed OSCs. An aza-BODIPY molecule 47 (Fig-
ure 4.3.2) with the absorption maximum over 750 nm was employed to develop semitranspar-
ent vacuum-processed OSCs.[131] A thin metal ﬁlm with additional organic capping layer
is used as the top contact. The device incorporated with a BHJ active layer presents a Voc
of 0.81V, a Jsc of 5.8mA/cm2 and a FF of 0.53, resulting in a PCE of 2.40%. The EQE
spectrum peaks at 750 nm over 40%, demonstrating the photocurrent contribution from the
aza-BODIPY donor. Moreover, the device is highly transparent in the visible range peak-
ing at 538 nm with a transmittance of 64.2%. Later, a tetraphenyl aza-BODIPY 48 (Fig-
ure 4.3.2) was tested in vacuum-processed PHJ solar cells with mip-architecture (metal intrin-
sic p-doped).[132] Compared to 47, the solar cell based on 48 has a higher Voc of 0.96V due
to the low lying HOMO energy level. A PCE of 1.20% is obtained with a Jsc of 3.15mA/cm2
and a FF of 0.48, and the onset of the EQE spectrum is close to 800 nm.
Based on the aza-BODIPY 47, two derivatives 49 and 50 (Figure 4.3.3) with methyl or methoxyl
group on the para-positions of the α-phenyl substituents were synthesized and used as the
donors in vacuum-processed BHJ OSCs with p-i-n architecture.[133] The introduction of the
electron donating methyl or methoxyl groups lifts the HOMO energy levels from -5.30 eV for
47 to -5.27 eV and -5.10 eV for 49 and 50, respectively. In the optimized BHJ OSCs, the PCE
of the solar cell based on 47 is enhanced to 3.80%. With the destabilization of the HOMO
energy levels, the device based on 47 gives the highest Voc of 0.81V, followed by 0.71V and
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Figure 4.3.2: Molecular structure of aza-BODIPY 47 and 48.
Figure 4.3.3: Molecular structure of aza-BODIPY 49 and 50.
0.61V for the devices of 49 and 50, which agrees with the destabilization trend of the HOMO
levels. Moreover, both Jsc and FF decrease in this trend and the PCE changed from 3.80%
to 2.70% and 1.70%. The introduction of the methyl or methoxyl group decreases the charge
carrier mobility of the donor and increases the amount of traps. Thus, the efﬁciencies of the
OSCs of 49 and 50 are lower than that based on 47.
Recently, a new chemical modiﬁcation strategy was applied on aza-BODIPYs aiming for high
efﬁciency NIR donor material in vacuum-processed OSCs. Three aza-BODIPY derivatives
51a–51c (Figure 4.3.4) were synthesized with two ﬂuorine atoms in BF2 entity replaced by
the ﬂuorene moiety.[134] Compared to the corresponding analogs with BF2, their absorption
spectra in solution have hypsochromic shifts of several tens of nanometers. Their absorption
bands in solid state cover a wide range from 550 nm to 800 nm, peaking at 700 nm for 51a/51b
and 770 nm for 51c. Using C60 as the acceptor, the optimized BHJ OSCs have a D:A ratio of
1:2, and the BHJ layers are deposited on a heated substrate at 120 °C. The solar cells based
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Figure 4.3.4: Molecular structures of aza-BODIPY derivatives 51a–51c with ﬂuorine atoms
replaced by ﬂuorene moiety.
on 51a/51b present a similar Voc of 0.74V and a Jsc around 8.50mA/cm2. The FF of 51a
device (0.62) is slightly higher than that of 51b device (0.57). Thus a higher PCE of 3.90%
is obtained in the OSC with 51a as the donor. Due to the high lying HOMO energy level,
the Voc of the solar cell based on 51c is the lowest around 0.61V. With reasonable Jsc of
8.50mA/cm2 and aFF of 0.51, a PCE of 2.60% is obtained. Further optimization based on
51a is conducted by decreasing the substrate temperature to 110 °C and increasing the BHJ
layer thickness from 50 nm to 70 nm. Consequently, the Jsc increases to10.40mA/cm2 due to
more captured photons, while the other parameters are kept similar. A high PCE of 4.50% is
achieved in this further optimized device.
Chapter 5
Aza-BODIPY with Heterocyclic
Substituents and Derivatives with BF(CN)
Structure
According to the Reaction 6 shown in Figure 3.3.9 described in Chapter 3, symmetric aza-
BODIPY can be obtained easily by reacting phthalonitrile with Grignard reagents. Since the
carbanion provided by the organomagnesium bromide is the critical reactant, organolithium
reagents that can offer carbanions may work in this mechanism as well. Meanwhile, the
preparation of organolithium reagents is easier than that of Grignard reagents, due to the strong
deprotonating effect of the commercially available organolithium such as n-butyl lithium and
tert-butyl lithium. Thus, it is meaningful to develop a parallel reaction mechanism for aza-
BODIPY using organolithium reagents to replace Grignard reagents.
5.1 Synthesis
Although the modiﬁcation on the 3,5-positions of β-fused aza-BODIPYs with numerous sub-
stituted phenyl moieties has been reported, derivatives with heterocyclic substituents on these
positions have not been fully studied. Meanwhile, the post-modiﬁcation on BF2 moiety in aza-
BODIPYs has never been investigated. Here, we ﬁrst synthesized the aza-BODIPY derivatives
with different numbers of ﬂuorine atoms replaced by the CN groups. Then, we demonstrated
the new synthetic route that starts from phthalonitrile and heterocyclic organolithium reagents
to synthesize aza-BODIPY dyes with heterocyclic substituents on the 3,5-positions. Finally,
aza-BODIPY derivatives with BF(CN) moiety bearing heterocyclic substituents on the 3,5-
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Figure 5.1.1: Synthetic route from aza-BODIPY 53a to its derivatives 53b/53c with
BF(CN)/B(CN)2 moieties and from its precursor 52 to 53b. Reaction conditions: (i) AlCl3,
TMS-CN, DCM, room temperature; (ii),(iii) BF3•OEt2, TMS-CN, DCM, room temperature.
positions are prepared and studied.
Several post-modiﬁcation methods of BODIPY on the BF2 unit have been reported. However,
the replacing of F atoms by other anions in aza-BODIPY is still unknown. As illustrated
in Figure 5.1.1, the exchange of F by CN is performed based on an aza-BODIPY 53a as
representative. The exchange reaction is carried out using trimethylsilyl cyanide (TMS-CN,
10 equiv.) in anhydrous DCM with the assistance of a Lewis acid (2 equiv). When aluminum
chloride is used as the Lewis acid, only derivative 53b with one F replaced by CN is found
in spite of the excessive amount of TMS–CN. The reaction can be ﬁnished within 1 h, and
a prolongation of the reaction overnight does not inﬂuence the ﬁnal product. While, when
boron triﬂuoride etherate is employed as the Lewis acid, 53b can be observed at the beginning
of the reaction. However, after several hours, 53b disappeared gradually and 53c with two
CN groups starts to accumulate. The complete conversion of 53a to 53c is observed after
10 h. Thus, it is inferred that the replacement of F atoms with CN can be described as a two-
step process. The strong electron deﬁciency and relatively small molecular volume of boron
triﬂuoride play a signiﬁcant role in this exchange reaction. Moreover, it is tried to synthesize
53c directly from the diisoindomethene precursor 52 with 5 equiv. of boron triﬂuoride etherate
and 10 equiv. of TMS-CN. As a result, the yield of (iii) is around 56%, which is similar to
that of (i) and (ii).
The synthesis procedure of aza-BODIPY with heterocyclic substituents on the 3,5-positions is
illustrated in Figure 5.1.2. The heterocyclic reactant, namelyN-methylpyrrole, N-methylindole
and 2-trimethylsilyl-thiophene are treated by n-butyl lithium at –78 °C in anhydrous THF to
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Figure 5.1.2: Molecular structure and the synthetic route of aza-diisoindomethene precur-
sors 54a–54c and aza-BODIPY 55a–55c. Reaction condition: (i) n-butyl lithium, THF,
–78 °C→room temperature; (ii) Ether, –78 °C→room temperature, 3 h; formamide, reﬂux,
5min; (iii) DIPEA, BF3•OEt2, DCM, room temperature, 1 h.
form the corresponding heterocyclic organolithium reagents. The solvents are allowed to
warm up to room temperature for a complete lithiation. Then, the organolithium solvent
is added to the suspension of phthalonitrile in dry ether at –78 °C, and the reaction system
is stirred at room temperature for 3 h. After that, solvent is removed in vacuum, and for-
mamide is added to the mixture forming a dark suspension. Then, after heating the sys-
tem to reﬂux for 5min, a dark color appears with the exhausting of ammonia. The formed
aza-diisoindolymethene 54a–54c raw products are isolated by ﬁltering and puriﬁed by ﬂash
column chromatography. The ﬁnal aza-BODIPYs 55a–55c are synthesized by reacting the
precursors with boron triﬂuoride etherate in dry DCM wih DIPEA as the base. During this
reaction, the intense blue color of the precursors changed rapidly into dark green for 55a/55c
and dark brown for 55b. The aza-BODIPYs are also puriﬁed by chromatography in good
yields around 60%.
Further syntheses of aza-BODIPY derivatives 56a–56c bearing heterocyclic substituents and
BF(CN) moiety are carried out according to the reaction route (i) depicted in Figure 5.1.1.
Their molecular structures are presented in Figure 5.1.3. Aza-BODIPYs 55a–55c are dis-
solved in anhydrous DCM, and the solvent are dark green for 55a/55c and dark brown for
55b. After the addition of AlCl3, all the mixtures turn into a intense brown color. With the
addition of TMS-CN, the mixtures of 55a/55c change back to dark green and 55b back to
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Figure 5.1.3: Molecular structures of aza-BODIPY derivatives 56a–56c with heterocyclic sub-
stituents and BF(CN) moiety.
Figure 5.2.1: Single crystal structures of 53a–53c with thermal ellipsoids set as 60% (up row:
top view; bottom row: side view; C: black, N: blue; F: green, B: dark yellow).
dark yellow. The derivatives 56a–56c are isolated in good yield around 65% by ﬂash column
chromatography.
5.2 Single Crystal Structure
The single crystal data of 53a is obtained from the Cambridge Crystallographic Data Center
(CCDC) deposited by the former publication.[135] The single crystal structures of 53a–53c
are illustrated in Figure 5.2.1. All the B atoms adopt a distorted tetrahedral coordination atmo-
sphere with the bond length sequence B–CN (1.59–1.61Å) >B–N (~1.55Å) >B–F (~1.38Å).
The phenyl fused dipyrromethene core is in a good planar structure, while the phenyl rings
on the 3,5-positions present dihedral angels towards the core plane. These two phenyl sub-
stituents are parallel in 54a due to the two hydrogen bond established between the two F atoms
and the ortho-H of the phenyl rings (2.30Å and 2.45Å). However, the phenyl rings are anti-
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Figure 5.2.2: Single crystal structures of 56a, 55b and 55c with thermal ellipsoids set as 60%
(up row: top view; bottom row: side view; C: black, N: blue; F: green, B: dark yellow).
parallel in 53b and 53c. The hydrogen bonds are also observed in 54b between the only F
atom and two ortho-H atoms of the phenyl rings (2.28Å and 2.17Å). These dihedral angles
in 53c are the largest, because there are no restrictions of the hydrogen bonds and the rotation
of the phenyl rings are more ﬂexible.
The single crystal structures of 56a, 55b and 55c are also determined and illustrated in Fig-
ure 5.2.2. Similarly, all the phenyl fused dipyrromethene core structures present a good planar
structure and have dihedral angles towards the heterocyclic substituents on the 3,5-positions.
All B atoms locate in disordered tetrahedral coordination geometry and the bond length se-
quence (1.61Å for B–CN bond, 1.55–1.57Å for B–N bond and 1.36–1.38Å for B–F bond) is
the same as revealed for 53a–53c. The two N-methyl pyrrole ring in 56a with BF(CN) moi-
ety arrange anti-parallelly to each other, and two hydrogen bonds are established between the
only F atom and the H atoms on the 3-position of the pyrrole ring (2.37Å, 2.60Å), which is
similar with the molecular geometry of 53b. For 55b with BF2 moiety, the geometry is similar
with that of 53a with two indole substituents being parallel to each other and the two hydro-
gen bonds are established via each F atom and the indole rings (2.49Å, 2.59Å). However,
the molecular structure of 53c with BF2 moiety is more like 55a than 55b with two TMS-
thiophene rings being anti-parallel with the smallest dihedral angles and the hydrogen bonds
(2.32Å, 2.21Å) are stronger than the other two compounds. The more planar structure of 55c
can be attributed to the π–π stacking between both the BODIPY main cores and the thiophene
rings in the single crystal. Such stacking effect can only be observed between the BODIPY
main cores in 56a and 55b as revealed by the packing behavior shown in Figure 5.2.3.
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Figure 5.2.3: Single crystal packing diagrams of 56a, 55b and 55c.
5.3 Chemical and Physical Properties
5.3.1 Photophysical Properties
The absorption spectra of 53a–53c in both solution and solid state are illustrated in Fig-
ure 5.3.1, and the corresponding parameters are summarized in Table 5.3.1. In solution, they
had similar proﬁles consisting of a intense sharp band peaking at 711, 722 and 717 nm and a
moderate band from 300 to 500 nm. It is found that the introduction of one CN group causes a
red shift of the absorption maximum, while the introduction of the second CN group brings a
slight blue shift rather than a further red shift. The aza-BODIPY 54a has the highest molar ex-
tinction coefﬁcient around 120,000 L/(mol cm), while those of the derivatives with CN groups
are a bit lower, around 100,000 L/(mol cm). This may be caused by the decreased π electron
delocalization degree in 53b and 53c. In solid state, the main absorption bands of all the
compounds are broadened greatly, and the tiny difference of the absorption maxima observed
in solution is smeared out, which results in three identical absorption bands with the peaks
around 765 nm. The broadening and the red shift in thin ﬁlm absorption can be attributed to
the J-aggregation effect. The optical density of 53a is still the highest reaching 0.6, followed
by 53b around 0.5 and 53c around 0.4, which agrees with the sequence observed in solution.
The photophysical properties of 54, 55 and 56 are listed in Table 5.3.2. As shown in Fig-
ure 5.3.2(a), from the aza-dipyrromethene precursors 54a–54c to the aza-BODIPYs 55a–55c,
the absorption bands are greatly red shifted for 70–98 nm. Moreover, the molar extinction
coefﬁcient of the aza-BODIPY 55 is around 1.5 times higher than the corresponding precur-
sor 54, and the bands are obviously narrowed after the coordination with BF2 moieties. This
demonstrates an enhanced rigid structure and the establishing of an extended conjugated struc-
ture owing to the B center. Taking 53a with phenyl rings on the 3,5-positions as a reference,
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Figure 5.3.1: Absorption spectra of 53a–53c in (a) diluted DCM solutions and (b) in solid
state.
Table 5.3.1: Photophysical parameters of aza-BODIPY 53a and its derivatives 53b/53c.
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Figure 5.3.2: Absorption spectra of (a) precursor 54a–54c (dash) and aza-BODIPY 55a–55c
(solid); (b) aza-BODIPY derivatives with CN 56a–56c in diluted DCM solution.
Figure 5.3.3: Absorption spectra of (a) aza-BODIPY 55a–55c and their derivatives with CN
56a–56c in solid state.
the absorption maxima of 55a–55c are signiﬁcantly red shifted to 762 nm, 777 nm and 793 nm
in diluted solution respectively, which can be assigned to the electron donating effects of
these heterocyclic substituents. The molar extinction coefﬁcients of the aza-BODIPYs range
from 65,100 to 89,600 L/(mol cm). After the replacement of one F atom by a CN group in
aza-BODIPY derivatives 56a–56c, the absorption peaks present further red shifts to 774 nm,
793 nm and 797 nm in the same condition according to Figure 5.3.2(b). Meanwhile, the molar
extinction coefﬁcients increase after the introduction of the CN groups, ranging from 68,600
to 104,500 L/(mol cm).
The absorption spectra are also recorded in solid state for aza-BODIPYs 55a–55c and their
derivatives 56a–56c as shown in Figure 5.3.3(a) and (b). Due the the obvious broadening
effect, the absorption bands of both the aza-BODIPY and its corresponding derivative are
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Table 5.3.2: Photophysical parameters for 54a–54c, 55a–55c and 56a–56c.
almost identical with an intense band from 600 nm to 1000 nm and a moderate band from
300 nm to 500 nm. Only tiny differences within 20 nm between the absorption maxima can
be observed with the same sequence as that is observed in solution for 55a–55c and 56a–56c,
respectively. It is noteworthy that the peak optical density values of the derivatives 56a–56c
are slightly higher than the corresponding aza-BODIPY 55a–55c.
5.3.2 Electrochemical Properties and Theoretical Calculation
The FMOs energy levels of aza-BODIPY 53 are investigated by both CV measurements and
theoretical calculations. As shown in Figure 5.3.4, aza-BODIPY derivative 53b with BF(CN)
moiety has a reversible oxidation peak and an irreversible reduction peak, while both the
oxidation and reduction peak are irreversible for 53c with B(CN)2 moiety. Using the Fc/Fc+
as the internal reference, the HOMO/LUMO energy levels of 53b and 53c are calculated as
-5.31/-3.80 eV and -5.40/-3.85 eV. Taking these values of 53a from the reported reference,[96]
the FMOs energy levels of 53a–53c are depicted in Figure 5.3.5 together with the calculated
FMOs energy levels and the HOMO/LUMO plots. It is found that with the introduction of the
CN groups, the HOMO energy level decreases gradually from 5.22 eV for 53a to 5.31 eV for
53b and 5.40 eV for 53c. The replacement of each F atom will decrease the HOMO energy
level around 0.09 eV. The LUMO energy level decreases from -3.65 eV to -3.80 eV with one
F replaced by CN, while the replacement of the second F by CN increases the LUMO from
-3.80 eV to 3.85 eV. Consequently, the HOMO/LUMO band gap is the largest for 53a and is
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Figure 5.3.4: CV curves of the aza-BODIPY derivatives 53b and 53c measured in solution.
the smallest for 53b. This trend is consistent to the shifts of the absorption peaks. The density
functional theory (DFT) calculation demonstrates that the HOMO and LUMO energy level
are quite far from the adjacent energy levels such as HOMO-1 and LUMO+1, which is the
reason for the sharp absorption band generated by the HOMO to LUMO electronic transition.
The FMOs of 54a–54c, 55a–55c and 56a–56c are investigated in the same manner. As shown
in Figure 5.3.6, both oxidation and reduction peaks have positive shifts from the precursors to
the aza-BODIPYs, indicating the stabilization of the HOMO and LUMO energy levels. Mean-
while, the positive shifts of the reduction peaks are large than that of oxidation peaks, which
demonstrates the stabilization degree of the LUMOs are greater than the HOMOs, resulting
in a narrower HOMO/LUMO band gap in the aza-BODIPYs than in the precursors. This is
the reason of the obvious red shifts in the absorption bands. The introduced CN group in the
derivatives 56a–56c causes further stabilization of both oxidation and reduction peaks, which
is consistent to the observation for 53a/53b. However, this stabilization effect is so small that
the energy band gap keeps almost unchanged. Consequently, the absorption bands only have
slight red shifts from the aza-BODIPYs to the corresponding derivatives.
Both the experimental measured and calculated HOMO/LUMO energy levels are schemati-
cally shown in Figure 5.3.7. From the CV results, a decrease around 0.2 eV of the HOMO is
observed from the aza-dipyrromethene precursor to the aza-BODIPY, while the LUMO de-
creases more than 0.3 eV, resulting in narrowed band gaps in aza-BODIPYs compared with
the aza-dipyrromethene precursors. With the introduction of the CN group, both HOMO and
LUMO energy levels decreased less than 0.1 eV with similar degree, leaving an almost un-
changed HOMO/LUMO energy band gap. The calculated HOMO energy levels are close to
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Figure 5.3.5: FMOs energy level of 53a–53c from CV measurements (right) and DFT calcu-
lations (left) together with the HOMO/LUMO plots.
Figure 5.3.6: CV curves of aza-dipyrromethene precursors 54a–54c (circle), aza-BODIPY
55a–55c (triangle) and derivatives 56a–56c (square).
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Figure 5.3.7: Energy level positions of aza-BODIPY precursors 54a–54c, aza-BODIPY
55a–55c and derivatives 56a–56c obtained from the CV measurements (black) and the cal-
culations (gray).
the experimental data, while the differences for LUMO energy levels are quite big. However,
the same changing trends are obtained from both experimental and theoretical calculation re-
sults.
5.3.3 Thermal Properties
The thermal properties of aza-BODIPY derivatives 53b and 53c are investigated by thermo-
gravimetric analysis (TG) and differential scanning calorimetry (DSC) measurements as pre-
sented in Figure 5.3.8. From the TG spectra, 53b is quite stable before 350 °C and the tem-
perature of 5% weight loss is close to 400 °C. However, an obvious weight loss around 10%
can be observed for 53c from 100 °C to 140 °C, demonstrating that the thermal stability of 53c
is poor. In the DSC spectra of 53b, a sharp endothermic peak indicating the melting point
is found around 230 °C. The following tiny exothermic peak may indicate a small amount of
decomposition. The weight loss of 53c at around 140 °C is demonstrated to be a endothermic
process by its DSC spectrum.
According to the TG spectra illustrated in Figure 5.3.9, aza-BODIPY 55a–55c show higher
decomposition temperatures as compared to the corresponding derivatives 56a–56c if taking
a weight loss of 5% as the reference. These temperatures are in the range of 280–310 °C
for 55a/56a and 55c/56c. Although 55b has the highest decomposition temperature around
350 °C, 56b presents a continuous weight loss after 100 °C, making it not suitable for subli-
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Figure 5.3.8: (a) TG and (b) DSC curves of aza-BODIPY derivatives 53b and 53c.
Figure 5.3.9: (a) TG and (b) DSC spectra of aza-BODIPY 55a–55c and their derivatives
56a–56c.
mation in large amount. In the DSC plots, a sharp endothermic peak indicates the melting
point is observed for each compound, and this temperature is much lower than the decomposi-
tion temperature (except 56b), indicating a higher chance of stability during the sublimation.
Sublimation yields of 55a/56a and 55c/56c are from 44% to 83% in large amount around
1000mg. Although the yield of 55b is as high as 70% when using a small amount around
300mg, this value drastically decreases to only 10% in large amount of 1000mg.
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Figure 5.4.1: (a) J−V curves and (b) EQE spectra of PHJ OSCs based on NIR aza-BODIPY
55a–55c and their derivatives 56a–56c as electron donors.
5.4 Solar Cell Performance
5.4.1 PHJ Solar Cells
Based on the novel NIR aza-BODIPY 55a–55c and their derivatives 56a–56c, PHJ OSCs (de-
vice 55AP–55CP and 56AP–56CP) using them as the electron donors and C60 as the accep-
tor are fabricated with n-i-p architecture. The general device structure is ITO/C60:W2(hpp)4
(5 nm, 3wt%)/C60 (15 nm)/donor (6 nm)/BF-DPB (5 nm)/BF-DPB:NDP9 (50 nm, 10wt%)/NDP9
(1 nm)/Al (100 nm). The n-doped C60 and p-doped triarylamine BF-DPB layer serve as ETL
and HTL. The measured J−V curves and the EQE spectra are shown in Figure 5.4.1. The
corresponding PV parameters are listed in Table 5.4.1.
Due to the high lying HOMO energy levels of all these NIR donors that locate in the re-
gion 4.90–5.15 eV according to the CV results, the Voc of all the devices are limited from
0.41V to 0.56V. For both aza-BODIPYs’ devices 55AP–55CP and their derivatives’ devices
56AP–56CP, the highest Voc is found in the compound that possesses the lowest HOMO en-
ergy levels with N-methylindole substituents, while the lowest Voc is observed in compound
with N-methylpyrrole substituents that have the highest HOMO energy levels. Furthermore,
an increased Voc from aza-BODIPY to its derivative is only observed for 55AP/56CP, which
demonstrates the introduction of the CN group does not have obvious inﬂuence on the Voc of
the PHJ OSCs. Since the exciton dissociation only occurs at the interface of the donor and
acceptor layers, the overall Jsc of all the devices are lower than 5.0mA/cm2 with peak EQE
values lower than 25%. It is noteworthy that the Jsc of the aza-BODIPY device 55AP–55CP is
higher than that of 56AP–56CP using the corresponding derivative as the donor despite of the
slightly higher absorption coefﬁcient of the latter in solid state. The FFs of all the devices are
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Table 5.4.1: Photovoltaic parameters of the PHJ solar cells with aza-BODIPY 55a–55c and
their derivatives 56a–56c as electron donor materials
higher than 50%, and the highest values are 63% in 55BP and 67% in 55CP. Owing to these
high FFs, the PCE values of 55BP and 55CP are superior than the others reaching 1.6% and
1.0% respectively.
The hole mobilities are measured in OFET for 55a–55c and we obtain 9.2×10−6, 6.6×10−6
and 1.8×10−5 cm2/(V s), respectively. After the replacement of F with CN group, a slightly
higher hole mobility of 1.9×10−5 cm2/(V s) is found for 56a, while for 56c it is reduced to
4.3×10−6 cm2/(V s). As recombination occurs mainly at the planar interface, differences in
the FF are related to different hole mobilities of the donors. Comparing the FFs obtained in
devices with the measured hole mobilities, we ﬁnd a positive correlation of increasing FF with
increasing hole mobility separately for 55AP/56AP and 55CP/56CP, whereas we do not ﬁnd
such a correlation for the different heterocyclic substituents (55AP–55CP). For 55BP, a high
FF is obtained despite its low hole mobility. It is furthermore worth noting that the cyanation
leads to an increase of the mobility for the N-methylpyrrole compound, whereas the mobility
decreases for that with 2-TMS-thiophene substituents. We can estimate the lower limit of the
IQE by taking the peak absorption of the respective donor measured in the full device shown
in Figure 5.4.2(a). For 55BP with the highest photocurrent, we obtain a value of 36%. Device
55CP gives a much lower IQE of only 22%. Considering the high hole mobility of 55c and
high FF of 55CP, we can attribute the low IQE to a shorter exciton diffusion length. The
absorption measurements furthermore underline the strong extinction of those compounds,
absorbing up to over 40% despite the fact that the thickness of the donor layer is only 6 nm.
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Figure 5.4.2: Device absorption spectra of (a) PHJ OSCs 55AP–55CP and 56AP–56CP and
(b) BHJ OSCs 55AB–55CB and 56AB, 56CB.
5.4.2 BHJ Solar Cells
BHJ OSCs with the n-i-p architecture are further fabricated by vacuum deposition of 55a–55c
and 56a, 56c as the donors and C60 as the acceptor (device 55AB–55CB, 56AB and 56CB). The
solar cells have the architecture of ITO/MH250:W2(hpp)4 (5 nm, 7wt%)/C60 (15 nm)/donor:C60
(1:3 v/v, 20 nm, 100 °C)/BF-DPB (5 nm)/BF-DPB:NDP9 (40 nm, 10wt%)/NDP9 (1 nm)/Al
(100 nm). During the co-deposition of the BHJ active layer, the temperature of the sub-
strate is controlled at 100 °C, aiming to improve the morphology of the active layer.[18] The
naphthalene-tetracarboxylicdiimide derivative MH250 replaces C60 as the ETL. The J −V
curves and the EQE spectra are shown in Figure 5.4.3. Compared to the PHJ OSCs, the Voc
of the BHJ devices increase by 70-140mV. The highest Voc is found in 55BB whose donor
has the lowest HOMO energy level. Slight Increased Voc is observed from 55AB to 56AB
by changing the donor from aza-BODIPY to its derivative, while for 55CB and 56CB, the
Voc keeps unchanged of 0.61V. The increase of Voc in BHJ devices compared to PHJ ana-
logues is previously observed for BODIPY derivatives and other compounds, and is generally
attributed to a reduced crystallinity in the blend, and is most prominent for larger fullerene
content.[136][134]. All the solar cells exhibit similar moderate FF ranging from 47% to 59%,
which are comparable or lower than those measured in PHJ devices. This is most likely caused
by the low mobilities of the donors in the blend, which leads to increased recombination in the
active layers, as well as a still non-ideal perpetration network of donor and acceptor materials
increasing the Rs of the BHJ OSCs. Remarkable enhanced Jsc is observed in BHJ devices,
which is due to the increased donor/acceptor interfaces. In contrast to the PHJ solar cell where
55CP presents the lowest Jsc in the series, 55CB yields the highest Jsc. The high photocurrent
is, however, not a result of strong absorption. In contrast to measurements in solution, where
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Figure 5.4.3: (a) J−V curves and (b) EQE spectra of BHJ OSCs based on NIR aza-BODIPY
55a–55c and their derivatives 56a–56c as electron donors.
Table 5.4.2: Photovoltaic parameters of BHJ solar cells with aza-BODIPY 55a–55c and their
derivatives 56a–56c as electron donor materials
55c shows the strongest absorption according to Figure 5.3.2, the optical density in thin ﬁlms
is the lowest for 55c as shown in Figure 5.3.3, which is also conﬁrmed by the absorption mea-
sured in the device as illustrated in Figure 5.4.2(b). The estimated IQE value is around 40%
for 55AB and 55BB , while it is nearly twice as high for 55CB at around 70%. The higher IQE
is attributed to improved transport paths in the blend induced by the substrate heating process.
As for the PHJ devices, the substitution of F with a CN group leads to a strong reduction in
the FF in the BHJ OSCs.
Overall, device 55CB exhibits the best results in this series of NIR absorber materials with the
highest FF of 58% and a PCE of 2.2%. As the FF is only moderate despite the small layer
thickness, further optimization is carried out by varying the substrate temperature and blend
layer thickness. An improved performance is obtained at an increased substrate temperature
of 120 °C and an increased active layer thickness of 50 nm (device 55CB-opt). According
to the device absorption spectra, J−V curve and the EQE plot shown in Figure 5.4.2(b) and
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Figure 5.4.4: (a) J−V curve and (b) EQE spectrum of optimized BHJ OSC 55CB-opt (square
line), with not fully optimized device 55CB as the reference (solid).
Figure 5.4.4, the increased absorption yields a 50% increase in Jsc to 9.3mA/cm2, and a max-
imum EQE of 45% at 842 nm is observed. The highest PCE of 3.0% is achieved. Regarding
the maximum absorption wavelength around 850 nm, this value is the highest efﬁciency ever
obtained for vacuum-deposited small molecule based OSCs with spectral sensitivity beyond
800 nm. The PV parameters of all these BHJ devices can be found in Table 5.4.2
5.5 Conclusion
In this chapter, a post-modiﬁcation mechanism of aza-BODIPY on BF2 moiety is investi-
gated ﬁrst. When using different Lewis acid AlCl3or BF3·OEt2, one or two F atoms can be
replaced by CN groups with good yield. Furthermore, three β-fused aza-BODIPY 55a–55c
with heterocyclic substituents on the 3,5-positions are synthesized according to a modiﬁed
synthetic route using phthalonitrile and heterocyclic organolithium reagents. Based on these
aza-BODIPYs, three corresponding derivatives 56a–56c with BF(CN) moiety are prepared by
reacting aza-BODIPY with trimethylsilyl cyanide in the presence of AlCl3. All these com-
pounds have intense absorption in both solution and solid state with the absorption maxima
exceeding 750 nm. Their FMOs energy levels are determined by both CV measurements and
DFT calculations, demonstrating that they can be employed as the electron donors in OSCs
with C60 as the electron acceptor.
Although EQE spectra of all the devices have aza-BOIDPY dominated band peaking over
800 nm, which demonstrates the photon-to-electron conversion contributed by the novel NIR
donors, the PCEs of the PHJ OSCs are limited by the low Voc and Jsc values. The best PCE
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is limited to 1.6%. With the enhanced Voc and Jsc in BHJ OSCs, the PCEs of not fully opti-
mized devices 55BB and 55CB reach 2.2%. Further modiﬁcation by increasing the substrate
temperature and the thickness of the active layer results in a best performing device based on
55c as the electron donor with a PCE of 3.0%. Owing a EQE bands from 650 nm to 1000 nm
with the maximum around 850 nm, β-fused aza-BODIPY 55c with 2-trimethylsilyl thiophene
substituents on the 3,5-positions becomes one of the most efﬁcient NIR small molecule donors
for vacuum-processed OSCs.

Chapter 6
Furan-fused BODIPYs
In order to further improve the performance of the OSCs based on NIR BODIPY small
molecule donors, increasing the absorption efﬁcient, tuning the FMOs energy levels and tai-
loring the molecular geometry can be the critical factors. According to the published results,
BODIPYs with a fused furan ring on α,β-positions always adopts a rigid planar structure,
and present an extremely high molar extinction coefﬁcient in solution (> 100,000 L/(mol cm).
Moreover, the absorption bands of such a material can be shifted signiﬁcantly to long wave-
length region by changing the meso−H by a electron withdrawing CF3 group.[89][137] Thus,
this series of BODIPY seems to be promising donor candidates for vacuum-deposited OSCs.
6.1 Synthesis
The detailed synthetic route is depicted in Figure 6.1.1. Aromatic boronic acid 57 reacts with
5-bromo-2-furaldehyde to introduce peripheral aromatic moieties in the Suzuki cross-coupling
product 58. The Knoevenagel condensation is carried out to condense the aldehyde group, and
produce 59 by reacting 58 with methyl azidoacetate. The following Hemetsberger indolization
reaction allows the formation of the fused pyrrole ring in 60 by heating 59 in toluene at reﬂux.
Then, the ester group in 60 is hydrolyzed into carboxyl group to provide 61 in heated NaOH
solution. As the most critical synthetic procedure, the BODIPY precursor 62 is synthesized
according to the mechanism described in Figure 3.2.9(a) by reacting 61 in TFA with the pres-
ence of TFA anhydride. In the last step, ﬁnal BODIPY product 63 is prepared according to
the well-established method of coordinating dipyrromethene with the BF2 moiety.
The Suzuki cross coupling connects the aromatic ring with the furaldehyde moiety efﬁciently
in high yield over 80%. The condensation of 58 with methyl azidoacetate is performed in
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Figure 6.1.1: Synthetic route of the BODIPY 63a–63g with fused furan and meso−CF3 group.
Reaction condition: (i) Pd(dppf)Cl2, Na2CO3, PhMe, EtOH, H2O, reﬂuxing, 6 h; (ii) NaOMe,
MeOH, rt, 6 h; (iii) PhMe, reﬂuxing, 12 h; (iv) NaOH, EtOH, reﬂuxing, 1 h; (v) TFA, TFA
anhydride, from 40 °C to reﬂuxing, 1 h; (vi) DIPEA, BF3·OEt2, DCM, rt, 2 h.
anhydrous MeOH using freshly in-situ prepared sodium methoxide. The product 59 is isolated
by ﬁltering after pouring the reaction mixture into cold water with NH4OAc. The obtained
bright yellow solid is dissolved in toluene, then heats to reﬂux for overnight to form pyrrole
structure by ring closure with nitrogen given out as the side product. Blue light emission
can be observed in this reaction system under the radiation of UV light. After removing the
solvent, the crude dark brown solid is washed by eather, and 60 is obtained as light yellow
or brown solid with blue light emission under UV radiation by ﬁltering. The hydrolysis of
the ester into carboxyl group is carried out in the EtOH suspension by adding the hydrous
solution of NaOH at reﬂux. After pouring the reaction mixture into excess amount of cold
water and the neutralization by HCL aqueous solution, the product 61 is collected by ﬁltering
as gray solid. The completely dried 61 is heated in TFA at 40 °C for 15min to prepare the
furan fused pyrrole in-situ by decarboxylation reaction, and TFA anhydride is added dropwise
to trigger the synthesis of dipyrromethene 62. During this dimerization step, the color of the
system turns from dark brown into intense blue after 1 h reaction. The puriﬁed 62 after column
chromatography is treated by DIPEA and BF3·OEt2 in anhydrous DCM, and the color of the
mixture changes from blue to green within 1 h. The ﬁnal BODIPY product 63 is also puriﬁed
by column chromatography. The possible reaction mechanism for the dimerization step from
61 to 62 is illustrated in Figure 6.1.2. The decarboxylation is processed with the help of the
acid, and furan fused pyrrole attacks the anhydride to capture a triﬂuoromethyl carbonyl group
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Figure 6.1.2: Possible reaction mechanism for the dimerization step from 61 to 62.
on the 2-position. Then, another furan fused pyrrole is condensed by getting rid of a water,
and the ﬁnal product is obtained after the neutralization by a triﬂuoroacetate.[138]
6.2 Single Crystal Structures
The single crystal structures of BODIPY precursors 62b, 62e and BODIPY 63c, 63d, 63f
and 63g are determined by X-ray diffraction measurements, and their structures are shown in
Figure 6.2.1 and Figure 6.2.2 respectively. Both the precursors 62b and 62e adopt a symmetric
planar geometry which demonstrates an efﬁcient conjugated structure. After the coordination
with BF2, the molecular structure of 63c, 63f and 63g are still kept as planar. However for
63d, the dihedral angles between the furan fused pyrrole core and the 2,5-dimethyl phenyl
rings are much larger over 50 º, due to the large steric hindrance introduced by the ortho-
methyl groups. The B atom locates in a disordered tetrahedral atmosphere with B-N bond
length around 1.54Å and B-F bond length around 1.38Å.
Due to the perfect plain structures of 63c, 63f and 63g, their packing behavior is investigated as
shown in Figure 6.2.3. The 63c molecules exhibit a staircase-type stacking arrangement with
a distance between the parallel surfaces around 3.8Å and a slip angle of 49 º. However, in
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Figure 6.2.1: Single crystal structures of BODIPY precursors 62b and 62e (top: front view,
bottom: up view. C:gray, N: blue, O: red, F: green, S: yellow. All the atoms are shown at a
ellipsoid of 50% probability, H atoms are removed for clearness).
63f, two parallel molecules form a repeating unit and a sloping ladder-type arrangement. The
vertical distance between the molecular surfaces increases to 4.5Å within the unit and 4.8Å
in between the two units. The slip angle in the repeating unit is around 47 º and 67 º for the
adjacent units. For 63g, a brickwork-type arrangement is observed, comprising an alternating
arrangement of a unit consisting of two anti-parallel molecules. The slip angle between the
two molecules in the unit is 24 º and the perpendicular distance is 4.5Å. For the neighboring
units, the slip angle is 14 º and the vertical distance is 3.3Å. Consequently, 63c and 63g have
more J–type than H–type aggregation character. In contrast, 63f has more H-type than J–type
character.[83] It is known that aggregation in thin ﬁlms broadens the absorption spectra and
a J–/H–type aggregation can result in bathochromic/hypsochromic shifts of the absorption
band.[139] Moreover, charge transport in OSCs beneﬁts from donor aggregation, leading to
higher overall PCE through improved Jsc and FF , though Voc may decrease slightly.[140]
Figure 6.2.2: Single crystal structures of BODIPY 63c, 63d, 63f and 63g (top: front view,
bottom: up view. C:gray, N: blue, O: red, F: green, B: brown. All the atoms are shown at a
ellipsoid of 50% probability, H atoms are removed for clarity).
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Figure 6.2.3: Packing conﬁgurations of the BODIPY 63c, 63f and 63g, hydrogen atoms are
omitted for clarity.
6.3 Chemical and Physical Properties
6.3.1 Photophysical Properties
The absorption spectra of the BODIPY precursors 62a–62g and the BODIPY 63a–63g are
shown in Figure 6.3.1. The broad and structureless absorption bands of 62a–62g have a full-
width-at-half-maximum (FWHM) around 100 nm peaking from 600 nm to 650 nm, except 62d
who peaks around 660 nm. Meanwhile, the maximal molar extinction coefﬁcients are over
90,000 L/(mol cm) except 62d whose maximal molar extinction coefﬁcient is only around
10,000 L/(mol cm). After coordinating with the BF2 in the BODIPYs 63a–63g, the absorp-
tion bands have obvious red shifts about 70–90 nm and become more structured with a higher
energy vibronic shoulder peak. All the peaks are narrowed except 63d. Meanwhile, the max-
imal molar extinction coefﬁcients of all the compounds except 63d are greatly enhanced over
250,000 L/(mol cm) and the highest value is found for 63b around 350,000 L/(mol cm). The
peak molar extinction coefﬁcient value of 63d is also increased signiﬁcantly compared with
that of 62d, reaching 150,000 L/(mol cm). In terms of the absorption maxima positions, tak-
ing 63c with phenyl ring as the reference, the introduction of the electron withdrawing CF3
groups in 63a and 63b causes blue shift, and the peak wavelength of 63a with two CF3 groups
is shorter than 63b with one CF3 group. The introduction of electron donating groups, such
as methyl and methoxyl group in 63f and 63g brings the red shifts, and the peak wavelength
of 63g with methoxyl group whose electron donating ability is stronger than methyl group is
longer than 63f with methyl group. When the phenyl ring is replaced by a thiophenyl ring in
63e, the absorption maximum is even longer than 63g due to the electron rich nature and the
strong electron donating ability of the thiophenyl ring. However, although there are four elec-
tron donating methyl groups on the peripheral phenyl rings for 62d, the absorption maximum
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Figure 6.3.1: (a) Absorption spectra of 62a–62g and (b) 63a–63g in DCM solution.
Figure 6.3.2: Absorption spectra of the BODIPYs in 50 nm thin ﬁlm.
is even shorter than 63a. This can be blamed to the large hindrance from the methyl groups on
the ortho-positions and the big dihedral angles between the phenyl rings and the furan fused
dipyrromethene core structure. The conjugation system is disturbed by the torsion along the
C–C single bonds and the π electron delocalization is less efﬁcient compared with the other
BODIPYs. Thus, the absorption intensity of 63d is much weaker and its peak wavelength is
much shorter than the other BODIPYs with planar molecular geometry that allows the large
conjugated structure over the whole molecules.
The absorption of all the BODIPYs (except 63d) in thin ﬁlm are presented in Figure 6.3.2.
The absorption bands of all the compounds are greatly broadened due to the enhanced high-
energy vibronic peak. The absorption onsets are all longer than 800 nm and reach 1000 nm for
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Table 6.3.1: Photophysical properties of the furan fused BODIPY 63a–63g.
63e with thiophenyl moiety. Compared with the absorption maxima in solution, red shifts are
observed for the low-energy transitions, which may attributed to the J-aggregation behavior in
solid state. It is noteworthy that the absorption bands of 63f that has H–aggregation revealed
by the single crystal packing behavior has the broadest absorption band, which is beneﬁted
from broadening effect stemming from both J– and H–aggregation. The absorption maxima
sequence is similar to that observed in solution. 63a with two electron withdrawing CF3
groups has the shortest peak wavelength and the peaks move to longer wavelength region with
the decreasing of electron withdrawing group and the introducing of electron donating groups.
The longest absorption maximum wavelength is found for 63e and 63g around 800 nm.
6.3.2 Electrochemical Properties and DFT Calculations
The HOMO and LUMO energy levels of all the BODIPYs are determined by CV measure-
ments experimentally and by DFT calculation theoretically as illustrated in Figure 6.3.3. Tak-
ing 63c with phenyl ring as the reference, the HOMO energy level decreases from -5.44 eV
gradually to -5.62 eV and -5.73 eV with the increasing number of the electron withdrawing
CF3 groups in 63b and 63a. While the LUMO energy level also decreases along this sequence
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Figure 6.3.3: Experimentally measured HOMO/LUMO energy levels (black) and theoretical
calculated values (gray).
with a smaller degree from -3.86 eV to -3.98 eV and -4.07 eV. Consequently, the energy band
gap increases with the increasing number of CF3 groups. When introducing ortho-methyl
groups in 63d, due to the disturbed conjugation system, the HOMO of 63d decreases to -
5.55 eV and the LUMO increases to -3.79 eV, resulting in the biggest HOMO/LUMO band
gap of 1.76 eV. When the phenyl ring is replaced by the electron rich thiophenyl ring, the
HOMO energy level of 63e is destabilized greatly to -5.19 eV and the LUMO is shifted a bit
to -3.83 eV. If the electron donating group methyl and methoxyl group is attached on the para-
position of the phenyl rings, the HOMO energy level is disturbed more signiﬁcantly than the
LUMO energy level. The HOMO level is destabilized from -5.44 eV in 63c to -5.36 eV in 63f
and -5.23 eV in 63g, while the LUMO changed from -3.86 eV to around -3.80 eV. The smallest
HOMO/LUMO energy band gap is found to be 1.44 eV in 63g. The calculated HOMO energy
levels are a bit higher than the experimental measured values with a difference of 0.12-0.17 eV,
while the calculated LUMO are less accurate with a positive shift over 0.50 eV. However, the
calculated energy levels have the same changing trends compared with the experimental data.
6.3.3 Thermal Properties
The thermal properties of all the BODIPYs (except 63d) are investigated by TG and DSC
as plotted in Figure 6.3.4. In the TG diagrams, the temperature of 5% weight loss is taken
as a reference to discuss the decomposition behavior, and all the compounds present almost
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Figure 6.3.4: (a) TG and (b) DSC curves of the BODIPYs 63a–63g (except 63d)
ﬂat curves until 290 °C. It is found that 63c with unsubstituted phenyl ring shows the low-
est decomposition temperature around 295 °C. The introduction of electron withdrawing CF3
groups increases the thermal stability obviously, raising the decomposition temperature for
63a and 63b to around 336 °C and 365 °C, respectively. While the enhanced thermal stabil-
ity is also observed in 63f and 63g with electron donating substituents, reaching 332 °C and
312 °C respectively. The decomposition temperature of 63e with thiophenyl ring is the same
as that of 63f around 332 °C. In the DSC diagram, sharp endothermic peaks indicating the
melting procedure are observed for all the compounds. The lowest melting point is less than
250 °C in 63g. For the other compounds, the sequence of the melting points is same as that
of the decomposition temperature. 63c has a melting point around 300 °C, while 63e and 63f
have similar melting points around 334 °C. The highest melting points are found in 63a and
63b around 350 °C and 370 °C, respectively.
6.4 Solar Cell investigations
Taking the energy level matching into consideration, only 63c, 63e, 63f and 63g can be used
as donor materials in OSCs accompanied by C60 as the electron acceptor. All these BODIPYs
are tested in single junction BHJ OSCs as NIR donors. The device geometry is fully optimized
based on 63g by varying ETL material, substrate temperature, HTL thickness and active layer
thickness. Furthermore, a tandem solar cell consisting 63g as the narrow band gap NIR donor
and a well-investigated green absorber DCV5T-Me as wide band gap donor is fabricated.
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Table 6.4.1: Optimization of the single BHJ OSCs based on 63g as donor material.
6.4.1 Single BHJ OSCs
Single BHJ OSCs comprising the new BODIPY NIR donors are fabricated in a n-i-p device ar-
chitecture using the vacuum-deposition method. The general device structure is ITO/MH250:W2(hpp)4
7wt% (5 nm)/C60 or C70 (15 nm)/BODIPY donor : C60/BPAPF (5 nm)/BPAPF:NDP9 10wt%/NDP9
(1 nm)/Al (100 nm), where W2(hpp)4/NDP9 is n-/p-dopant and MH250/BPAPF is electron/hole
transporting materials. The neat layer of C70 does not only act as hole blocking layer (HBL)
but also contributes to photon absorption and photocurrent generation. Device structure op-
timization is carried out based on BODIPY 63g, and the device parameters during the opti-
mization are listed in Table 6.4.1
It can be found that the PHJ solar cell I which is fabricated as a reference has the lowest Voc
and Jsc, resulting in the lowest PCE of 2.2%. For the BHJ OSCs, the D:A mixing ratio is
optimized ﬁrst. Although a 1:1 mixing BHJ solar cell II gives the highest Jsc of 11.0mA/cm2,
the FF of the device is only 40.4%, which may be blamed to the poor charge carrier mobility
of the BODIPY donor and the unfavorable active layer morphology. The devices III and IV
with mixing ration of 1:3 and 1:2 provide similar PCE of 3.9% and 3.8% respectively. Due
to the larger amount of BODIPY donor in 1:2 mixing device, the Jsc reaches 10.7mA/cm2.
We believe the increasing space for 1:2 mixing ratio BHJ solar cell is greater than 1:3 mixing
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ratio and the following optimizations are carried out with the same 1:2 D:A mixing ratio.
When comparing the performance of device IV and V, it can be found that the substrate
heating at 80 °C during the fabrication of the active layer decreases the Voc obviously from
over 0.8V to 0.74V. But the FF increases from less than 45% to around 61%, which can be
mainly attributed to the improved active layer morphology with better phase separation.[18]
With a slightly increased Jsc, the PCE increases from 3.8% to 5.0%. With the same substrate
heating temperature, the thickness of the active layer is varied as 30 nm, 40 nm and 50 nm.
With increasing the thickness, the Voc keeps almost the same and the Jsc increases around
1mA/cm2 with the thickness increase of 10 nm. However, the FF decreases along with the
increasing active layer thickness. Finally, a 40 nm thick active layer is determined as the best
thickness with a moderate FF of 55.2% and a PCE of 5.1% in device VII. Later, the substrate
temperature optimization is conducted by increasing the temperature from 80 °C to 90 °C and
100 °C. At high substrate temperature, the Voc decreases around 10mV and the Jsc keeps
almost unchanged, while the FF exceeds 60% again and reaches 61.6% at 90 °C in device
VIII and 62.5% at 100 °C in device IX. Then, C70 is employed instead of C60 in device XI and
a better PCE of 6.0% is achieved with slightly enhanced Jsc and FF . The active layer thickness
variation test again demonstrates a 40 nm active layer is best when comparing the parameters
of device X, XI and XII. Finally, the thickness of the HTL is optimized and the optimal device
geometry is determined as ITO/MH250:W2(hpp)4 7wt% (5 nm)/C70 (15 nm)/BODIPY donor
: C60 (40 nm)/BPAPF (5 nm)/BPAPF:NDP9 10wt% (40 nm)/NDP9 (1 nm)/Al (100 nm). The
best device XIV based on 63g presents a Voc of 0.73V, a Jsc of 13.3mA/2, a FF of 62.7% and
a PCE of 6.1% is achieved.
Figure 6.4.1: (a) J−V curves under AM1.5G illumination and (b) EQE plots of the BHJ OSCs
with BODIPY donors.
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Table 6.4.2: Photovoltaic parameters of the single BHJ OSCs with BODIPY donors
Based on this optimized stack, BHJ OSCs 63C, 63E and 63F are fabricated using 63c, 63e and
63f as electron donors. Their J−V curves and EQE spectra are shown in Figure 6.4.1 together
with the solar cell 63G (device XIV) based on 63g. The parameters of the solar cells are sum-
marized in Table 6.4.2. Device 53C has the highest Voc of 0.89V due to the deepest HOMO
energy level of the BODIPY 63c. TheVoc of 63E and 63F are close to each other being 0.82V
and 0.85V respectively, owing to their similar HOMO energy levels. The lowestVoc of 0.73V
is found in device 63G with BODIPY 63g whose HOMO energy level is the highest. In spite
of high Voc, device 63C and 63E present limited Jsc of 6.1/6.3mA/cm2 and FF of 44.8/47.5%
respectively, resulting in poor PCEs around 2.4% consequently. Meanwhile, the saturation
values of 1.30 and 1.41, deﬁned as J(-1V)/Jsc indicate that either exciton separation efﬁciency
at the D/A interface is electric ﬁeld dependent and/or that free charge carrier transport through
the bulk is hindered. In device 63F, the Jsc and FF increase to 9.9mA/cm2 and 54.1% with
lower saturation value of 1.12, and a PCE of 4.6% is obtained. The enhanced performance
can be attributed to better charge separation behavior because of the higher LUMO energy
level and the increased driving force. The maximum EQE of 63F at 765 nm is 53%, which
is much higher than that of 63C (750 nm, 29%) and 63E (790 nm, 25%). The best PCE of
6.1% is obtained in device 63G with a Jsc as high as 13.3mA/cm2. Its EQE spectrum has a
peak value of 64% at 795 nm. This value is remarkable considering that the volume content of
the BODIPY molecules in the blend layer is only 30%, which is equivalent for around 13 nm
thickness. Furthermore, the high EQE and Jsc indicate that the photogenerated excitons are
efﬁciently separated into free charge carriers.
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Figure 6.4.2: (a-d) AFM height and (e-h) phase images (1 μm×1 μm) for 1:2 (v/v) (a and e)
63c:C60 layer, (b and f) 63e:C60 layer, (c and g) 63f:C60 layer and (d and h) 63g:C60 layer. The
ﬁlms have the following structure: glass/C60 (15 nm)/donor:C60 1:2 v/v (40 nm), deposited at
100 °C.
According to the AFM images shown in Figure 6.4.2, it is conﬁrmed that 63g and C60 are well
intermixed, providing enough D/A interfaces for exciton dissociation. It is also worth to note
that penetration pathways could also be observed in the active layer ﬁlm from the AFM image.
So, a decent FF of 63% could be expected.
6.4.2 Tandem solar cells
Inspired by the promising photovoltaic performance of the NIR absorbing 63g, vacuum de-
posited TSCs are fabricated with 63g and DCV5T-Me as NIR and green absorber. Their
absorption spectra blended with C60 in thin ﬁlms are shown in Figure 6.4.3(a). The absorption
band of DCV5T-Me covers the spectral range from 400 nm to 700 nm, which complements
that of 63g to cover the complete visible region and part of NIR until 900 nm. Addition-
ally, the optimized DCV5T-Me single junction device has a Jsc around 13.2mA/cm2 which is
close to that of 36G.[39] Such matching currents between the one DCV5T-Me sub-cell and
one 36g sub-cell are required when fabricating a TSC with serial connecting type.[45] Pri-
mary optimization of all layer thicknesses is done using an optical transfer matrix algorithm
which takes into account optical cavity effects that present in thin layer devices. To achieve
the highest overall current and an optimal current matching of the sub-cells, an asymptotic
convergence algorithm is used by varying the thickness of the optical spacers. As a result, we
obtained the optimum layer thicknesses by putting the DCV5T-Me BHJ at the ﬁrst maximum
of the optical ﬁeld and the 36g BHJ at the position of the second ﬁeld maximum. Furthermore,
the parasitic absorption of all non-active layers is minimized. The detailed ideal device struc-
ture is shown in Figure 6.4.3(b). In both sub-cells, C60 is employed as acceptor in the mixed
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Figure 6.4.3: (a) Absorption spectra of 63g and DCV5T-Me in the blend thin ﬁlm at 1:2
mixing ratio with C60 overlapped by the AM1.5G solar spectrum; (b) Schematic illustration
of the tandem OSC with the optimal geometry.
layer. In the red sub-cell, C70 is used as hole blocking layer and additional absorber like used
in the single junction device. On the p-side, the hole transporting material BPAPF is chosen
as exciton reﬂecting and charge blocking layers. The n-type ETL was MH250 doped with 7
wt.% W2(hpp)4 and the p-type HTL is BPAPF doped with 10wt.% NDP9. Additional 1 nm
of NDP9 is used to enhance hole extraction. The mixed layer of Bphen and Cs is typically
used as electron transport layer in OLED research. Here, it forms another p-n recombination
contact with the underlying p-doped layer. The application of the Bphen:Cs layer is used to
prevent diffusion of metal atoms from the electrode into the organic layer upon deposition.
The metal top electrode consists of 1 nm of Au followed by 100 nm of Ag. Ag is chosen as
electrode material instead of the commonly used Al due to its higher reﬂection.
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Figure 6.4.4: (a) J−V curve under the AM1.5G illumination and (b) EQE spectrum of the
best performing TSC.
The J−V curve and the EQE spectrum of the best performing TSC is shown in Figure 6.4.4.
A high PCE of 9.9% is achieved. In order to reveal the contribution of the complementary ab-
sorption, EQE measurements are conducted using 518 nm and 689 nm light bias. A balanced
current match is found between the DCV5T-Me sub-cell (10.0mA/cm2) and 63g sub-cell
(10.7mA/cm2) derived from EQE results, which results in a high Jsc of 9.9mA/cm2 for the
TSC. This demonstrates that the Jsc of a serial tandem solar cell is indeed controlled by the
sub-cell with lower Jsc value. The EQE spectra of both sub-cells well reproduce the absorption
spectra of the active layer in solid state. The DCV5T-Me sub-cell harvests light with wave-
length spanning from 450 nm to 700 nm. EQE maximum is found at around 540 nm, while the
63g sub-cell absorbs in the range between 600 nm and 900 nm, peaking at 800 nm. The peak
values of both EQE reach 70%, and the cross point between the two spectra is found at 680 nm.
This results in an almost constant photon-to-electron conversion efﬁciency for a wide spectral
range covering from 500 nm to 900 nm, demonstrating a good match of these two absorbers.
The DCV5T-Me single junction solar cell has a Voc of 0.96V, so the Voc of the tandem device
is as high as 1.70V, i.e. the addition of the Voc of the two sub-cells (0.96V and 0.73V). This
indicates that the doped MH250/BPAPF layer is acting as an excellent recombination contact.
However, the FF of the TSC is lower than any of the single junction OSCs, which can be
blamed to a slight S-kink close to theVoc. As shown in Figure 6.4.5, an S-kink can be observed
in the J−V curve obtained from 1 sun, and it does not exist in the J−V measured under
lower illumination intensity 0.1 sun. This suggests that the S-kink originates from an injection
barrier which can be at any of the active layer/contact interfaces in the tandem stack.
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Figure 6.4.5: J−V curves of the TSC under different illumination intensity, the current density
is normalized at -1.5V.
6.5 Further Chemical Modiﬁcation by Alkyl Substituents
When comparing the performance of single BHJ 63C, 63F and 63G, it can be found that the
PCE increases from 2.4% to 4.6% and 6.1% with the chain extension on the peripheral phenyl
ring from H to methyl and methoxyl. Further chemical modiﬁcations are performed aiming
to extend the peripheral chain structure in order to investigate the relationship between the
volume of chain substituents and the solar cell performance.
6.5.1 Synthesis and Molecular Structure
Based on the idea of chain length extension, modiﬁed BODIPYs are designed and synthe-
sized on the basis of 63c, 63e and 63f. The molecular structures and the synthetic routes
of these BODIPYs are illustrated in Figure 6.5.1 and Figure 6.5.2. BODIPYs with alkyl chain
substituents on the peripheral phenyl para-positions 70a and 70b are synthesized according to
the same route as 63a–63g starting with the corresponding boronic acid 64a–64d. For the syn-
theses of 70c and 70d with peripheral thiophene rings, 5-methylthiophene-2-boronic acid and
5-ethylthiophene-2-boronic acid are used as the starting materials. BODIPYs with ﬂuorinated
alkyl chain on the meso-position 72a and 72b are synthesized from 61g using pentaﬂuoropro-
pionic acid/pentaﬂuoropropionic acid anhydride and heptaﬂuorobutyric acid/heptaﬂuorobutyric
acid anhydride instead of TFA/TFA anhydride under the same reaction procedures. It has been
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Figure 6.5.1: Synthetic route for the BODIPY 70a–70d with alkyl chain substituents on the
peripheral phenyl rings. Reaction condition: (i) Pd(dppf)Cl2, Na2CO3, PhMe, EtOH, H2O,
reﬂuxing, 6 h; (ii) NaOMe, MeOH, rt, 6 h; (iii) PhMe, reﬂuxing, 12 h; (iv) NaOH, EtOH,
reﬂuxing, 1 h; (v) TFA, TFA anhydride, from 40 °C to reﬂuxing, 1 h; (vi) DIPEA, BF3·OEt2,
DCM, rt, 2 h.
tested to use TFA as the decarboxylation reagent and pentaﬂuoropropionic/heptaﬂuorobutyric
acid anhydride as the dimerization reagent for the synthese of 71a/71b. However, a corre-
sponding mixture of 63g/71a or 63g/71b is obtained instead of pure 71a or 71b. Thus, only
one kind of alkyl carboxyl acid and its acid anhydride can be used in this dimerization reaction
aiming for the pure BODIPY product with the certain substituent on the meso-position.
The single crystal structures of 70a, 70b, 72a and 72b are determined by the X-ray single crys-
tal diffraction measurements, and the resolved molecular structures are shown in Figure 6.5.3.
Similarly, all the conjugating structures, including the furan fused dipyrromethene and the
phenyl moieties adopt a perfect ﬂat geometry. The ethyl groups in 70a are conﬁned in the
same surface as the conjugation structure, while those in 70d is a bit twisted outside the sur-
face. In both 72a and 72b, the methoxyl groups on the phenyl rings locate in the conjugation
surface similar with 63g. However, the ﬂuorinated ethyl group and the ﬂuorinated iso-propyl
groups on the meso-position extend out of the conjugating surface. The molecular geometry
changes from a curved linear structure to a star-shape gradually due to the growing volume on
the meso-position.
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Figure 6.5.2: Synthetic route for the BODIPYs 72a and 72b with ﬂuorinated alkyl chain on
themeso−position. Reaction condition: (i) pentaﬂuoropropionic acid, pentaﬂuoropropionic
acid anhydride, from 40 °C to reﬂuxing, 1 h; (ii) heptaﬂuorobutyric acid, heptaﬂuorobutyric
acid anhydride, from 40 °C to reﬂuxing, 1 h; (iii) DIPEA, BF3·OEt2, DCM, rt, 2 h.
Figure 6.5.3: Single crystal structures of (a) 70a and 70d, top: front view, bottom: up view;
(b) 72a and 72b, right top: front view, right bottom: up view, left: side view. C:gray, N: blue,
O: red, F: green, S: yellow. All the atoms are shown at a ellipsoid of 50% probability, H atoms
are removed for clearness.
6.5.2 Photophysical Properties
The absorption spectra of 70a–70d and 72a/72b are recorded in diluted DCM solution as pre-
sented in Figure 6.5.4(a)–(c) and the corresponding parameters are collected in Table 6.5.1.
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Table 6.5.1: Absorption properties and CV results of BODIPYs 70a–70d, 72a/72b and the
data of 63c/63e/63g are listed for references
The absorption proﬁles of 70a/70b and 70c/70d are almost identical. Due to the electron do-
nating nature of alkyl chain substituents, red shifts around 30 nm of the absorption bands are
observed for 70a/70b and 70c/70d, comparing with that of 63c and 63e respectively. Con-
cerning the molar extinction coefﬁcient, those of 70a and 70b are a bit lower than that of 63c,
while these values of 70c and 70d are a bit higher than that of 63e. This value of 72a is almost
the same as that of 63g, while it is a bit lower for 72b than 63g. The bathochromic shifts
of the absorption bands for 70a–70d can be attributed to the electron donating natures of the
alkyl chain substituents. The constant absorption maxima of 72a and 72b compared with 63g
demonstrate that the volume extension of the ﬂuorinated alkyl chain on the meso-position has
little inﬂuence on the electronic properties of the FMOs.
Their absorption in vacuum deposited ﬁlms are also recorded and illustrated in Figure 6.5.4(d)–(e).
It can be found that the absorption bands in solid state is greatly broadened comparing with
those in solution, covering a wide range from 550 to 950 nm. For 70a and 70b, no obvious red
shifs can be observed and the absorption coefﬁcients are both lower than that of 63c. Obvious
red shifts can be found in 70c/70d, but their absorption coefﬁcients are also lower than that of
63e. Although the molar extinction coefﬁcient of 63g is close to that of 72a and higher than
72b, its absorption coefﬁcient in solid state is the lower than those of 72a and 72b.
6.5.3 Electrochemical Properties and DFT Calculations
The FMOs energy levels of all the new compounds are investigated by both CV and DFT
theoretical calculations. The CV plots are illustrated in Figure 6.5.5 and the calculated energy
levels and band gaps are summarized in Table 6.5.1. The BODIPYs 70a–70d with alkyl chain
substituents on the end phenyl rings have similar CV proﬁles with reversible oxidation peaks
118 Furan-fused BODIPYs
Figure 6.5.4: Absorption spectra of 63c, 70a and 70b; 63e, 70c and 70d; 63g, 72a and 72b in
diluted DCM solution (a)–(c) and in deposited thin ﬁlms (d)–(f) .
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and partial reversible reduction peaks, which is similar as the BODIPYs 63c, 63e and 63g,
without such substituents. While for the BODIPYs with ﬂuorinated alkyl chain substituents
on the meso-position, 72a and 72b have reversible oxidation peaks and irreversible reduction
peaks. Taking 63c and 63e as the reference, the oxidation peaks of 70a/70b and 70c/70d are
shifted negatively, which indicates the destabilization of the HOMO energy levels in these
derivatives with alkyl chain substituents. While the reduction peaks are almost unchanged
indicating the close lying LUMO energy levels. For 72a and 72b, both oxidation and reduction
peaks are identical to those of 63g, which demonstrates the extension of the ﬂuorinated alkyl
chain on meso-position has inﬂuence on neither HOMO nor LUMO energy level.
Figure 6.5.5: CV plots of the BODIPYs 70a–70d and 72a/72b with extended alkyl chain. The
results of BODIPY 63c, 63e and 63g with the basic structures are presented for comparison.
The reversible peak in the middle is the internal reference of ferrocene.
6.5.4 Thermal Properties
The thermal properties of the BODIPYs 70a–70d and 72a/72b are investigated by TG and
DSC method. From the TG plots shown in Figure 6.5.6(a), all the compounds present ﬂat
curves before the sharp weight losses which indicate the decomposition. The decomposition
temperature decrease from 63c to 70a and a further decrease is observed from 70a to 70b. The
decreasing of the decomposition temperature is in the same trend as the increasing volume of
the alkyl chain substituent. The same trend can also be found for 63e, 70c and 70d. For the
modiﬁcation on the meso-position, 63g with the CF3 group has the highest decomposition
temperature, while this value decreases gradually when the ﬂuorinated alkyl chain becomes
larger in 72a and 72b. From the DSC plots of 63c, 70a and 70b, a sharp endothermic peak
indicating the melting procedure can be observed for each compound. The melting point of
70a is same as that of 63c, but this value decreases a lot in 70b. The sharp exothermic peaks
that indicate the decomposition agree with the trend observed from the TG spectra from the
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Figure 6.5.6: (a) TG and (b) DSC plots of BODIPYs 70a–70d and 72a/72b with chain style
substituents. The results of 63c, 63e and 63g are plotted for comparison.
highest in 63c to 70a and the lowest in 70b. Although no obvious melting endothermic peaks
are observed for 63e, 70c and 70d, their exothermic peaks representing the decomposition
are consistent with the trend from the highest for 63e to 70c, then to the lowest for 70d.
The exception situation is observed for 63g, 72a and 72b. Although 63g shows the highest
decomposition temperature according to the TG plot, its exothermic peak is the lowest in this
series around 250 °C. The exothermic peaks of 72a and 72b are similar over 300 °C, while the
endothermic peak of 72b is much lower than 72c.
6.6 Solar Cell Investigations on Furan Fused BODIPYs with
Alkyl Substituents
BHJ OSCs are fabricated using 70a–70d, 72a and 72b as electron donor materials with the ge-
ometry of ITO/MH250:W2(hpp)4 7wt% (5 nm)/C70 (15 nm)/BODIPY donor : C60 (1:2 v/v)
(40 nm)/BPAPF (5 nm)/BPAPF:NDP9 10wt% (40 nm)/NDP9 (1 nm)/Al (100 nm), which is
demonstrated to be the optimized structure for 63g. Two parallel devices are fabricated for
each of the materials with substrate temperature at room temperature or 100 °C, aiming to in-
vestigate the inﬂuence of a heated substrate during the fabrication. Since these compounds are
the derivatives of 63c, 63e and 63g, OSCs based on these materials without alkyl substituents
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Table 6.6.1: Photovoltaic parameters of the OSCs using BODIPYs with alkyl substituents as
donors
are also fabricated in the same Lesker run as references. The corresponding J−V characteris-
tics and EQE spectra are illustrated in Figure 6.6.1 and the device parameters are summarized
in Table 6.6.1.
It can be found clearly from the J−V curves that the substrate heating at 100 °C can help
to enhance the Jsc and FF for each of the materials. This can be attributed to the better
crystallization and phase separation in the active blend layers, which may increase the charge
carrier mobility and/or depress the recombination during the charge splitting. The increased
FFs beneﬁt mainly from the less sloping J−V curves in the negative voltage region, which
demonstrates that the Rsh values are increased in the devices deposited on the heated substrate.
Since the J−V curve of the OSCs fabricated on both heated and non-heated substrate have
similar slopes in the high positive voltage region, the Rs values seem to be less sensitive
to the substrate heating. However, the Voc values of the devices deposited at high substrate
temperature are always lower than those prepared at room temperature with a difference from
50 to 130mV. There are two possible hypotheses for such decreases in Voc. Firstly, it can
be assigned to a higher IP values for more crystallized ﬁlms that deposited at high substrate
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Figure 6.6.1: J−V curves of the BHJ OSCs using 63c, 70a and 70b (a); 63e, 70c and 70d
(b); 63g, 72a and 72b (c) as donor materials; (d)–(f) are the corresponding EQE spectra. The
devices fabricated at room temperature are presented in dashed lines and those with a substrate
heating at 100 °C are shown as solid lines.
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temperatures than more amorphous ﬁlms deposited at room temperature. Secondly, the energy
loss in the OSCs deposited at a high substrate temperature is larger than those prepared at
room temperature. However, whether the increased energy loss is caused by an increased
charge separation driving force or an increased recombination energy loss still needs further
investigations.
Based on 63c, ethyl and iso-propyl substituents are introduced on the para-positions of the
phenyl rings in 70a and 70b. Due to the weak electron-donating effects of the ethyl and iso-
propyl groups, the HOMO energy levels of 70a and 70b are higher than 63c. However, a
decreased Voc of 0.81V is only observed in the device 70A-h compared with that of 0.88V in
63C-h. This value is kept as 0.88V in 70B-h, demonstrating a decreased energy loss during
the splitting of the excitons into free charge carriers. The increased Jsc of 9.4mA/cm2 in
70A-h and 70B-h indicates a better morphology of the BHJs with improved phase separation.
Consequently, more excitons can migrate through the donor dominated bulks to reach the
D/A interface for separation. However, the FF of 70A-h decreases to 40.7%, resulting in
a moderately improved PCE of 3.1%. A improved PCE of 4.3% is obtained in 70B-h with
higher FF value of 52.1%. It seems that the introduction of these alkyl substituents on the
donors can increase the device performance, and the iso-propyl groups with larger volume
present more positive effect than ethyl groups. However, if 63f with methyl groups is taken
into consideration, there is no positive correlation between the alkyl substituent volume and
the device performance, because 63F have similar comparable photovoltaic parameters with
70B-h.
The same situation can be found for 63e, 70c and 70d. The introduction of methyl or ethyl
groups can improve the Jsc from 5.9mA/cm2 in 63E-h to 7.2 and 7.3mA/cm2 in 70C-h and
70D-h. The Voc values of 70C-h and 70D-h are 0.76 and 0.75V respectively, which are lower
than that of 0.82V for 63E-h. This is related to the increased HOMO energy levels of 70c and
70d with electron-donating substituents, and the energy loss are not less in the OSCs with 70c
and 70d as donor materials. Due to the slightly decreased FF of 47.1%, 70C-h has a PCE
of 2.6%. The PCE of 70D-h is same as 63E-h, which can be blamed to the decreased FF of
42.1%. Although there is still no positive correlation between the substituent volume and the
device performance, it can be found that the donor with methyl group always results in the
best device performance, and further extension of the substituent volume with ethyl groups
will decrease the PCE values.
Based on the best performing BODIPY donor 63g, the two derivative 72a and 72b with ﬂuo-
rinated ethyl and n-propyl substituents on the meso-C has little inﬂuence on the energy levels
of the FMOs. Consequently, theVoc values of 72A-h and 72B-h are almost the same as that of
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63G-h around 0.74–0.76V. With similar absorption intensity, the Jsc value of 72A-h is close
to that of 63G-h. However, this value of 72B-h is decreased by 0.5mA/cm2 compared with
63G-h, due to the weaker absorption intensity of 72b than 63g and 72a. The similar FF val-
ues from 64.9% to 66.0% indicate the changing of ﬂuorinated alkyl substituents on the meso-C
has little inﬂuence to the BHJ morphology and the PCE value of 72A-h is better than 63G-h,
reaching 6.3%, while that of 72B-h is decreased to 5.8%.
6.7 Conclusion
In this chapter, a series of BODIPYs 63a–63g with fused furan ring on the α,β-positions and
electron withdrawing CF3 group on the meso-position are synthesized. Some of their molec-
ular geometries are determined by the single crystal diffraction and all of these molecules
(except 63d) have planar structure which guarantees efﬁcient π electron delocalization. For
63d, due to the big dihedral angles between the peripheral phenyl rings and the furan fused
dipyrromethene moiety caused by the large steric hindrance from the ortho-methyl groups, the
conjugation structure is disrupted between these two parts and the π electron delocalization is
inefﬁcient. As reﬂected in their absorption spectra in diluted DCM solutions, 63d has the
broadest and the weakest absorption band with the shortest peak wavelength around 636 nm,
due to the less efﬁcient π electron delocalization, while the absorption bands of the other
BODIPYs are intense and sharp with the extinction coefﬁcients over 280,000 L/(mol cm) and
the peaks over 680 nm. The alternating of the substituents on the peripheral phenyl rings from
electron withdrawing CF3 to electron donating methyl and methoxyl groups, the correspond-
ing bathochromic shifts on the absorption bands can be observed. With proper energy levels
of the FMOs, 63c, 63e, 63f and 63g are used as electron donor materials in BHJ OSCs. All of
these devices present EQE spectra with onsets over 800 nm, demonstrating the NIR absorbing
characteristic. The PCE of 63C and 63E are relatively low around 2.4%, while the values of
63F and 63G are enhanced gradually to 4.6% and 6.1%. With the broadest EQE spectrum
and the highest Jsc and PCE values in the device, 63g is chosen to fabricate a TSC in cooper-
ation with a “green” absorber DCV5T-Me, aiming for a complementary absorption. Due to
a good match between the Jsc of the two sub-cells, the Jsc of the TSC reaches 9.9mA/cm−2.
The Voc of the TSC is 1.7V, which is a summation of the two serially connected sub-cells.
Although the FF of the TSC is slightly sacriﬁced around 59% which is lower than any of
the single junction device based on the donor materials, due to a tiny S-kink caused by the
injection and/or extraction barriers, the PCE of the TSC reaches 9.9%, which is a high value
for vacuum-processed TSC with only two sub-cells. This demonstrates that the furan fused
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BODIPY 63g is a promising NIR donor for vacuum-processed OSCs.
The inﬂuence of alkyl substituents on the furan fused BODIPY donors are investigated. Deriva-
tives 70a/70b and 70c/70d are synthesized by adding ethyl/iso-propyl and methyl/ethyl sub-
stituents on the para-positions of the phenyl rings in 63c and 63e. Although there is no
positive correlation between the volume of the alkyl substituents and the device performance,
the PCE are improved by introducing these alkyl substituents into the furan fused BODIPY
donors. Furthermore, by replacing CF3 group on the meso-position by C2F5 and C3F7 groups,
72a/72b are obtained based on the best performing NIR donor 63g. The device based on 72a
with a ﬂuorinated ethyl group exhibits improved device performance with a PCE of 6.3%. The
other derivative 72b with a ﬂuorinated n-propyl group presents decreased PCE of 5.8%, but
this is still a good value for NIR small molecule donor materials.

Chapter 7
Conclusion and Outlook
In this chapter, a brief summary of the main investigation results of this dissertation on the
syntheses of NIR donor materials based on BODIPY molecules and the characterizations for
OSC applications is provided, which is the ﬁrst part. In the second part, the potential molecular
structures of BODIPY donors are estimated according to the experiences and results obtained
from the investigations in this dissertation.
7.1 Conclusion
In order to increase the PCE of vacuum-processed small molecule OSCs, it is signiﬁcant to in-
crease the photoactive spectral range of the device by employing low bandgap absorbers with
NIR responses. However, this kind of small molecules suitable for vacuum deposition is still
rare. In this dissertation, we take advantage of the ﬂexible synthetic methods and tunable pho-
tophysical properties of BODIPY molecules to prepare NIR absorbing BODIPY derivatives
as electron donor materials. Their performances in OSCs demonstrate that BODIPY small
molecules can be high efﬁciency NIR absorbers, and are extremely important for tandem de-
vices which require a complementary absorption.
A series of aza-BODIPY molecules 55a–55c with heterocyclic substituents are synthesized
via a modiﬁed route using organolithium reagents and phthalonitrile. The reaction mechanism
for this synthesis is hypothesized similar to the previous reported one using Grignard reagents
instead of organolithium reagents. It is found that by changing the heterocyclic substituent
from N-methylpyrrole to N-methylindole and TMS-thiophene, the absorption maxima can be
shifted from 760 to 780 and 790 nm with high molar extinction coefﬁcients over 65,000 L/(mol
cm), and these bands are greatly broadened covering a wide range from 600 to 1000 nm with
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maxima over 800 nm. Furthermore, chemical modiﬁcations on the BF2 moiety are studied by
reacting the aza-BODIPY with trimethylsilyl cyanide with the presence of Lewis acid AlCl3
or BF3·OEt2. It is found that only one ﬂuorine atom can be replaced by a cyano group if
AlCl3 is used, while both of the ﬂuorine atoms can be replaced if BF3·OEt2 is used. Based on
this investigation, three aza-BODIPY derivatives 56a–56c are obtained by replacing one ﬂuo-
rine atom in 55a–55c by a cyano group. The derivatives show increased absorption intensity in
both solution and solid state, and the HOMO energy levels of the derivatives are around 0.1 eV
lower compared with the corresponding aza-BODIPY, which is demonstrated by both exper-
imental data and theoretical simulations. Most of these materials are used as electron donor
materials to fabricate BHJ OSCs by vacuum deposition with C60 as the acceptor. Although
the EQE spectra of all these devices have the onsets over 900 nm and the maxima dominated
by the absorption of the donors over 800 nm, the PCE values are limited to 2.2%, due to the
poor Jsc and Voc values. Further optimization by heating the substrate during the deposition
of the active layer to 120 °C provides the best performing device based on 55c with a Jsc of
9.0mA/cm2, a Voc of 0.61V, a FF of 53.0%, and the PCE reaches 3.0%.
In order to improve the photovoltaic parameters of the OSCs, especially the Jsc values, an-
other series of BODIPY molecules 63a–63g with furan-fused pyrrole rings and a electron
withdrawing CF3 group on the meso-C are synthesized with different substituents on the pe-
ripheral aromatic rings by using the corresponding aromatic boronic acid as the starting mate-
rials. Single crystal X-ray diffraction measurements demonstrate that the molecule has planar
structure if the peripheral aromatic ring is unsubstituted or the substituent is on the para− or
meta−positions of the phenyl rings. However, the phenyl rings are twisted towards the furan-
fused dipyrromethene core if the substituents are on the ortho-positions, which is caused by
the large steric hindrance. By varying the electronic properties of the substituents from elec-
tron withdrawing to donating, the HOMO energy levels are more sensitive to the LUMO,
and the HOMO positions can be tuned by 0.5 eV. Consequently, by adding strong electron
donating groups on the phenyl rings, the HOMO/LUMO band gap can be narrowed and the
absorption band can be shifted bathochromically, and this changing trend is demonstrated by
both CV measurements and TD-DFT calculations. The promising donor candidates 63c, 63e,
63f and 63g with proper HOMO/LUMO energy levels and intense absorption in both solu-
tion and solid state are employed to fabricate BHJ OSCs with C60 as the acceptor. The PCE
values increases from 2.4% for 63c and 63e with unsubstituted peripheral aromatic rings to
4.6% for 63f with para-methyl groups and 6.1% for 63g with para-methoxyl groups. As the
best performing NIR donor, the optimized device 63G gives a high Jsc of 13.3mA/cm2 with a
moderate Voc of 0.73V and a FF of 62.7%. Due to a complementary absorption constructed
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by 63g and the “green” absorber DCV5T-Me, a matched Jsc can be obtained, which is criti-
cal for the design of a serial connected TSC. The fully vacuum deposited small molecule TSC
consisting a 63g and a DCV5T-Me sub-cell gives a high PCE of 9.9% with a highVoc of 1.7V,
a Jsc of 9.9mA/cm2 and a FF of 59.0%. The EQE spectrum covers a wide range from 450
to 900 nm with a constant value around 70%, demonstrating a good match between these two
donor materials.
Further molecular modiﬁcations are conducted on the basis of BODIPY 63c/63e and 63g by
introducing alkyl substituents with increased volume on either the peripheral phenyl/thiophene
rings or the meso-C. The introduction of alkyl substituents on the phenyl/thiophene rings of
63c/63e can destabilize the HOMO energy levels and decrease the HOMO/LUMO bandgap
in their derivatives 70a/70b and 70c/70d, consequently, while the extension of the ﬂuorinated
alkyl substituents from CF3 to C2F5 and C3F7 has little inﬂuence on the energy levels of the
FMOs of 63g and its derivatives 72a/72b. According to the characterizations of the OSCs
using the derivatives 70a–70d as donor materials, Jsc and FF have more signiﬁcant changes
than Voc. Since the absorption intensity of the derivatives are similar to the basic BODIPY
molecules, the increased Jsc can be attributed to the extended absorption range. The FF values
are inﬂuenced by both active layer morphology and the mobility of the donor materials, which
will inﬂuence the recombination behavior during the exciton splitting. For the derivatives 72a,
a slightly improved PCE, comparing to 63g, is obtained due to the positive changes on Jsc, Voc
and FF . The decrease on the PCE of 72b is mainly due to the decreased Jsc, which can be
blamed to the weaker absorption evidenced by the absorption spectra in both solution and
solid state.
7.2 Outlook
Since the HOMO/LUMO band gap of NIR absorbers are required to be small, it is signiﬁcant
to ﬁnd a balanced point when using C60 as the electron acceptor in BHJ OSCs. At this balanced
point, there should be enough driving force for the separation of excited electron, which is
indicated by the energy offset between the LUMO energy levels of the donor and the acceptor.
Meanwhile, the energy offset between the HOMO of the donor and the LUMO of the acceptor
should be as big as possible to guarantee a moderate Voc. Thus, it is a challenge to develop
novel NIR donor materials with high Voc. Usually, Voc is sacriﬁced in order to obtain long
wavelength absorption.
During the investigations described in this dissertation, we found that furan-fused BODIPY
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dyes may be a resolution to this problem. If the energy loss Eloss is roughly estimated by the
equation:
Eloss = Eopt −qVoc (7.2.1)
where Eopt is the band gap derived from the onset of the device EQE spectrum, this value is
from 0.55 to 0.60 eV for most of the donors. These are quite low values for OSCs.[141] This
demonstrates that further chemical modiﬁcations on the basis of furan-fused BODIPY can
provide long wavelength absorbers with low Eloss in device. One of the possible methods is to
introduce longer alkyl substituents, aiming for improved active layer morphology to facilitate
charge separation and transportation.
When comparing molecule 70a and 63g whose only difference is the para−substituent on the
peripheral phenyl rings. Although the ethyl group in 70a has similar volume as the methoxyl
group in 63g, the device performance of 70A-h is much worse than 63G. Meanwhile, the
device performance of 72A-h and 72B-h are similar to that of 63G. This demonstrate that the
methoxyl group is extremely important for the device performance with this series of BODIPY
donors. Further chemical modiﬁcations can be done by adding more methoxyl groups to
the BODIPY skeleton to investigate the relationship between the device performance and the
numbers of the methoxyl groups. Moreover, the triﬂuoromethoxyl groups or longer alkoxyl
groups can be tested. Since such substituents with the formula RO– structure usually present
electron donating characteristic, it is also possible to decrease the HOMO/LUMO energy band
gap by introducing this kind of substituents. Consequently, there can be a consistent positive
inﬂuence on the OSC performance based on furan-fused BODIPY NIR small molecule donors.
The substituents with a general structure of RO– may be the key factor for high performance
NIR BODIPY small molecule donors.
Another approach for NIR BODIPY donors is to develop furan-fused aza-BODIPY materials.
It is known that the replacement of meso-C in BODIPY to the N in aza-BODIPY can push
the absorption band to longer wavelength region, it is possible to synthesize furan-fused aza-
BODIPY with an absorption maxima over 900 nm and an absorption onset over 1100 nm.
Even electronic neutral or withdrawing groups are attached on this series of aza-BODIPY
dyes, the absorption band can be maintained in NIR region. Thus, more substituents are
available for the modiﬁcations and promising device performance based on these donors can
be expected.
Chapter 8
Experiment Section
8.1 General information
All the commercially available chemical reagents are used without further puriﬁcation. The
solvents used in the reactions are technical grade unless there are special comments. Anhy-
drous THF is obtained by a self-build drying system using sodium as the drying agent and
benzophenone as the indicator. Fresh THF is distilled just before the use. Anhydrous DCM
and MeOH are purchased from Acros. The solvents used for the UV-vis absorption and CV
measurement are anhydrous of HPLC grade. Thin layer chromatography is carried out on
aluminum plates that pre-coated with silica gel from Merck (Si60 F254). All the column
chromatography puriﬁcations are performed on fresh mounted columns packed with silicon
gel as the solid phase (Merck Silica 60, particle size 63-200 μm).
At room temperature, 1HNMR and 13CNMR spectra are recorded on a Bruker DRX 500 P
spectrometer at 500.13 and 125.76MHz respectively and 19FNMR is recorded on a Bruker
Avance 300 spectrometer at 282.24MHz. Mass spectra are recorded on a Bruker Esquire-LC
00084 spectrometer.
The thremogravimetric analysis is measured on a Netzsch STA 449C instrument and the dif-
ferential scanning calorimetry together with the differential thermal analysis are measured on
a Netzsch STA 409 Luxx instrument. All the thermal property investigations are performed
under argon atmosphere with a heating rate of 5 Kmin−1
Cyclic voltammetry measurements are carried out with a Metrohm μ-Autolab instrument in
a single-compartment cell. The normally used three electrode system is employed including
a platinum disk working electrode, a platinum wire counter electrode and a Ag/AgCl refer-
ence electrode. All the measurements are scanned at a speed of 50mV s−1 under nitrogen
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atmosphere. The samples are nitrogen saturated anhydrous DCM solutions with 1mmol L−1
target compound and 100mmol L−1 tetra-n-butylammonium hexaﬂuorophosphate (TBAHFP)
as supporting electrolyte. All potentials are referenced to the ferrocene / ferrocenium redox
couples as the internal standard and the corresponding HOMO and LUMO energy levels with
respect to the vacuum are calculated according to the equations below:
EHOMO =−e(Eox−EFc/Fc+)−4.78eV (8.1.1)
ELUMO =−e(Ered −EFc/Fc+)−4.78eV (8.1.2)
where Eox and Ered are the oxidation and reduction onset voltage value of the sample.
The UV-vis-NIR absorption spectra in solution are recorded on a Perkin Elmer λ 25 spec-
trometer in anhydrous DCM solutions using a 1 cm quartz cuvette. The scan rate is ﬁxed at
5 nm s−1. The molar extinction coefﬁcients are given by the Lambert-Beer Law: ε =A/(b∗c),
where A is the measured absorption intensity, b is the length of the light path in the cuvette
and c is the concentration of the sample. The absorption spectra in solid state are recorded
on a Shimadzu UV-vis-NIR spectrometer. The samples are prepared on quartz substrates with
a thickness of 50 nm by high vacuum deposition. The absorption ratio A is calculated using
A = 1−R−T , where R and T are the reﬂection and the transmission ratio respectively. The
absorption coefﬁcients are calculated by the equation: a = A/d, where A is the absorption
ratio, d is the thickness of the sample ﬁlm. The emission spectra in solution are measured
with an Edinburgh Instruments spectrometer. The ﬂuorescent quantum yields (PLQYs) are
calculated using reference method. For each material, ﬁve solution samples are prepared with
different concentrations. The absorbance intensity at the excitation wavelength is kept lower
than 0.1 to avoid reabsorption and inner ﬁlter effect. UV-vis spectra and emission spectra of
the solutions are recorded at room temperature under air. Then, a plot of absorbance at the ex-
citation wavelength versus the integrated emission area is depicted and the ﬁve points for each
material is ﬁtted in linear relationship. The gradient of the plot is measured. The PLQY of the
unknown sample is calculated according to the equation: Φx = Φre f ( GradxGradre f )(
ηx2
ηre f2
), where Φx
and Φre f are the PLQYs of the unknown sample and the reference. Gradx and Gradre f are the
calculated gradient of the sample and reference plots. ηx and ηre f are the refractive index of
the solvents.
For single crystal X-ray diffraction, a suitable crystal is selected and mounted on a glass ﬁber
with two-component glue on a Bruker SMART APEX2 area detector diffractometer. The
crystal is kept at T = 100K during data collection. Using Olex2 (Dolomanov et al., 2009),
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the structure is solved with the ShelXT (Sheldrick, 2015) structure solution program, using
the Direct Methods solution method. The model is reﬁned with version 2013-4 of ShelXL
(Sheldrick, 2008) using Least Squares minimization. All non-hydrogen atoms are reﬁned
anisotropically. Hydrogen atoms are generated by their idealized geometry and reﬁned within
a riding model.
All the theoretical calculations are conducted using Gaussian09 software package at the Center
for Information Services and High performance Computing (ZIH), Dresden Technical Univer-
sity. All the molecules initial geometry are either from single crystal results or hand modeling
in Chem3D. The ground state geometry is optimized by DFT calculation at B3LYP/6-31G(d,p)
level. Frequency calculation is performed to guarantee the obtained geometry is at the min-
imum of the potential surface. Subsequently, TD-DFT calculation is carried out based on
the optimized molecular structure at the same computing quality level. For all the calcula-
tions, solvent effect is taken into consideration using C-PCM model in DCM. The plots of the
HOMO and LUMO are visualized by GaussView 5.0 software. The electron density distribu-
tion and the energy levels are quantitated using QMForge software. The absorption spectrum
is simulated using TD-DFT electronic transition data by GaussSum software.
Atomic force microscopy (AFM) images are taken on a Combiscope AIST-nt atomic force
microscope. The measurement speed was 0.4 Å/s and the selected area was 1 μm2.
8.2 Syntheses of aza-BODIPY 53b and 53c
The aza-dipyrromethene precursor 52 and the aza-BODIPY 53a are prepared according to the
previous report.[96] The synthesized 52 and 53a are puriﬁed by column chromatography for
the following reactions.
53b: aza-BODIPY 53a 0.45g (1mmol, 445 g/mol) and 2 equiv AlCl3 0.266 g (2mmol, 133 g/mol)
are added in 40ml dry DCM. The system is heated at reﬂux for 10 min. Then, 10 equiv
trimethylsilyl cyanide (0.99 g, 99.21 g/mol) is added at reﬂux dropwise. The system is kept
stirring at room temperature for another 3 h and monitored by TLC until the starting aza-
BODIPY disappears completely. The mixture is extracted by DCM for three times, and
then washed with brine and water. The condensed organic phase is puriﬁed by column chro-
matography (silicon, eluent: DCM:iso-hexane=1:1.5 v/v). The green fraction is collected and
gives the product as shiny coppery solid (0.26 g, yield 57%). ESI-MS m/z calcd. 453.3 for
[C29H19BFN4]+, found 453.4. 1HNMR (500MHz, CDCl3) δ 8.11 (d, J = 8.1Hz, 2H), 7.85
(dd, J = 7.7, 1.6Hz, 4H), 7.62 (d, J = 8.1Hz, 2H), 7.60 – 7.48 (m, 8H), 7.34 (dd, J = 11.1,
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3.9Hz, 2H). 13CNMR (126MHz, CDCl3) δ 154.76, 138.26, 133.29, 131.24, 131.18, 130.96,
130.73, 130.69, 129.38, 128.69, 127.47, 124.28, 121.19. 19FNMR (282MHz, CDCl3) δ -
130.33 (dd, J = 94.3, 46.3Hz).
53c: (method 1) aza-BODIPY 53a 0.45g (1mmol, 445 g/mol) and 2 equiv BF3OEt2 0.284 g
(2mmol, 142 g/mol) are added in 40ml dry DCM. The system is heated at reﬂux for 10min.
Then, 10 equiv trimethylsilyl cyanide (0.99 g, 99.21 g/mol) is added at reﬂux dropwise. The
system is kept stirring at room temperature overnight. The mixture is extracted by DCM for
three times, and then washed with brine and water. The condensed organic phase is puriﬁed
by column chromatography (silicon, eluent: DCM:iso-hexane=1:1.5 v/v). The green fraction
is collected and gives the product as shiny coppery solid (0.24 g, yield 52%). (method 2)
aza-dipyrromethene 52 0.40 g (1mmol, 397 g/mol) and 5 equiv BF3OEt2 0.710 g (5mmol,
142 g/mol) are added in 40ml dry DCM. The system is heated at reﬂux for 10min. Then,
10 equiv trimethylsilyl cyanide (0.99 g, 99.21 g/mol) is added at reﬂux dropwise. The system
is kept stirring at room temperature overnight. The following puriﬁcation steps are exactly
the same with method 1. The ﬁnal product is 0.26 g, yield 56%. ESI-MS m/z calcd. 460.3
for [C30H19BN5]+, found 460.2. 1HNMR (500 MHz, CDCl3) δ 8.12 (d, J = 8.1Hz, 2H),
7.83 (dd, J = 7.8, 1.6Hz, 4H), 7.64 – 7.56 (m, 8H), 7.53 (d, J = 8.1Hz, 2H), 7.38 – 7.32 (m,
2H). 13CNMR (126 MHz, CDCl3) δ 154.96, 137.09, 133.19, 131.71, 131.59, 131.23, 129.93,
128.97, 128.49, 127.74, 125.83, 124.15, 121.01, 77.25, 77.00, 76.74, 53.41. 19FNMR: no
signal.
8.3 Syntheses of aza-BODIPYs 55a–55c and 56a–56c
8.3.1 Syntheses of heterocyclic lithium reagents
The corresponding heterocyclic compounds, N -methylpyrrole, N -methylindole and 5-TMS-
thiophene (12mmol) is dissolved in 15mL anhydrous THF, and 4.8mL 2.5M n-butyl lithium
in hexane is added dropwise into the vigorously stirred THF solution at –78 ºC. Then the
solution is allowed to room temperature and stirred for another 2 h. The reagents are used in
the following reactions without further puriﬁcation or characterizations.
8.3.2 Syntheses of aza-diisoindolymethene 54a–54c
An organolithium reagent (12mmol, 1.2 equiv) in THF and hexane is added dropwise into a
vigorously stirred suspension of 1.28 g phthalodinitrile (10.0 mmol, 128.13 g/mol) in anhy-
8.3 Syntheses of aza-BODIPYs 55a–55c and 56a–56c 135
drous diethyl ether (40ml) at –70 ºC under nitrogen. After the complete addition, the sys-
tem is allowed to warm up to room temperature and stirred for another 3 h. The solvent is
removed in vacuum and 50mL formamide is added into the dark reaction mixture. The sys-
tem is then heated rapidly to reﬂux (around 210 ºC) and a coppery shiny precipitate formed
with NH3gas given out. After the system is cooled down to room temperature, the precipi-
tate is ﬁltered and washed with MeOH/H2O (150ml for three times) and dissolved in excess
amount of DCM. The organic solution of the raw product is ﬁltered to remove the insolu-
ble impurities and washed by brine water. Flash chromatography is performed to give the
aza-diisoindolymethene precursors as metalescent solids.
54a: Dark blue solid, 0.31 g (0.77 mmol), yield 15%. Eluent (acetone/hexane=1:10, v/v).
1HNMR (600MHz, CDCl3) δ 12.70 (s, 1H), 8.11 (d, J = 7.9Hz, 2H), 7.74 (d, J = 8.0Hz, 2H),
7.37 (t, J = 7.2Hz, 2H), 7.28 (t, J = 7.4Hz, 2H), 6.89 (d, J = 47.3Hz, 4H), 6.35 (dd, J = 3.7,
2.7Hz, 2H), 3.96 (s, 6H). ESI-MS m/z calcd. 404.5 for [C26H22N5]+, found 404.4.
54b: Dark brown solid, 0.31 g (0.61 mmol), yield 12%. Eluent (DCM/n-hexane=1:3, v/v).
1HNMR (300MHz, DMSO) δ 12.90 (s, 1H), 8.18 (d, J = 7.4Hz, 2H), 8.04 (d, J = 8.0Hz,
2H), 7.76 (d, J = 7.8Hz, 2H), 7.65 (d, J = 8.3Hz, 2H), 7.53 (t, J = 7.0Hz, 2H), 7.50 – 7.40 (m,
4H), 7.35 (t, J = 7.2Hz, 2H), 7.19 (t, J = 7.2Hz, 2H), 4.14 (s, 6H). ESI-MS m/z calcd. 504.6
for [C34H26N5]+, found 504.6.
54c: Dark green solid, 0.50 g (0.90 mmol), yield 18%. Eluent (DCM/n-hexane=1:3, v/v).
1HNMR (500MHz, CDCl3) δ 8.09 (d, J = 7.8Hz, 2H), 8.00 (d, J = 7.9Hz, 2H), 7.91 (d, J =
3.5Hz, 2H), 7.40 (t, J = 7.3Hz, 2H), 7.35 (dd, J = 7.3, 5.4Hz, 4H), 0.43 (s, 18H). ESI-MS
m/z calcd. 554.9 for [C30H32N3S2Si2]+, found 554.5.
8.3.3 Syntheses of aza-BODIPY 55a–55c
The corresponding aza-diisoindolymethene precursor (1mmol) is dissolved in 30ml dry DCM
and 10 equiv anhydrous DIPEA (N,N-diisopropylethylamine, 10mmol, 1.29 g, 1.74ml) is
added dropwise at room temperature. After 1 h, 10 equiv BF3•OEt2 (10mmol, 1.42 g, 1.26ml)
is added dropwise into the system at room temperature. The reaction mixture is stirred
overnight. After the total conversion of the precursor (monitored by TLC, DCM/hexane=1:1,
v/v), the reaction mixture is purred into 50ml brine and extracted by 3×100 ml DCM. The or-
ganic layers are collected and dried under reduced pressure. A short column chromatography
(eluent: DCM/hexane=1/1, v/v) is performed to give the ﬁnal product as metalescent powder.
55a: Dark purple solid, 0.28 g, yield 62%. Melting point 260 °C. 1HNMR (500MHz, CDCl3)
δ 8.10 (d, J = 8.2Hz, 2H), 7.51 – 7.44 (m, 4H), 7.31 (t, J = 7.5Hz, 2H), 6.94 (s, 2H), 6.90
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(s, 2H), 6.33 (dd, J = 3.7, 2.8Hz, 2H), 3.64 (s, 6H). 13C NMR (126MHz, CDCl3) δ 143.10,
139.71, 133.02, 131.45, 129.78, 128.46, 126.85, 124.42, 124.06, 121.26, 117.70, 110.18,
35.93. 19F NMR (282MHz, CDCl3) δ -115.97 (s), -133.80 (s), -151.57 (s). ESI-MS m/z
calcd. 452.2 for [C26H21BF2N5]+, found 452.4.
55b: Dark red solid, 0.37 g, yield 68%. Melting point 315 °C. 1HNMR (500MHz, CDCl3)
δ 8.21 – 8.12 (m, 2H), 7.72 (d, J = 7.7Hz, 1H), 7.64 (d, J = 7.8Hz, 1H), 7.53 (dd, J =
13.2, 7.6Hz, 4H), 7.35 (tt, J = 15.8, 8.1Hz, 6H), 7.24 (s, 2H), 7.15 (t, J = 7.0Hz, 2H),
3.72 (d, J = 41.4Hz, 6H). 13CNMR (126MHz, CDCl3) δ 143.21, 140.70, 140.56, 133.22,
133.10, 131.84, 131.79, 130.36, 130.26, 128.20, 127.51, 124.27, 124.18, 122.30, 121.47,
120.61, 111.38, 110.13, 110.00, 32.95, 32.80. 19FNMR (282MHz, CDCl3) δ -114.99 – -
116.60 (m), -132.26 (dd, J = 57.7, 28.9Hz), -149.65 – -150.87 (m). ESI-MS m/z calcd. 552.4
for [C34H25BF2N5]+, found 552.5.
55c: Dark blue solid, 0.34 g, yield 56%. Melting point 201 °C. 1HNMR (500MHz, CDCl3) δ
8.40 (d, J = 3.7Hz, 2H), 8.14 (d, J = 8.2Hz, 2H), 8.04 (d, J = 7.9Hz, 2H), 7.46 (d, J = 3.7Hz,
2H), 7.45 – 7.40 (m, 2H), 7.36 – 7.30 (m, 2H), 0.46 (s, 18H). 13CNMR (126MHz, CDCl3)
δ 147.87, 143.66, 140.43, 137.02, 135.61, 134.19, 133.21, 131.09, 129.80, 127.34, 124.48,
121.25, -0.15. 19FNMR (282MHz, CDCl3) δ -134.35 – -135.11 (m). ESI-MS m/z calcd.
602.7 for [C30H31BF2N3S2Si2]+, found 602.5.
8.3.4 Syntheses of aza-BODIPY 56a–56c
The corresponding aza-BODIPY dyes (1mmol) is dissolved in 20ml of dry DCM. Aluminum
chloride (2mmol, 0.27 g) is added and the system was heated to around 40 °C for 10min.
The system turns from dark green into dark brown. Trimethylsilyl cyanide (10mmol, 1.00 g)
is added dropwise and the color of the solution turns from dark brown into yellowish green.
After the complete conversion of aza-BODIPY dyes (monitored by TLC, DCM/hexane=2:1,
v/v) in 1 h, the solution is washed with brine and the organic layer is collected and dried in
vacuum. Rapid column chromatography is performed (eluent: DCM/hexane=2/1, v/v) to give
the ﬁnal product as metalescent powder.
56a: Dark purple solid, 0.30 g, yield 65%. Melting point 245 °C. 1HNMR (500MHz, CDCl3)
δ 8.12 (d, J = 8.2Hz, 2H), 7.52 (t, J = 7.1Hz, 4H), 7.36 (t, J = 7.4Hz, 2H), 7.02 (s, 4H), 6.45
– 6.37 (m, 2H), 3.62 (s, 6H). 13CNMR (126MHz, CDCl3) δ 143.92, 138.44, 132.71, 131.10,
130.98, 130.27, 129.54, 127.29, 124.02, 123.38, 121.37, 120.63, 110.61, 35.96. 19FNMR
(282MHz, CDCl3) δ -123.27 (s), -142.07 (s). ESI-MS m/z calcd. 459.3 for [C27H21BFN6]+,
found 459.3.
8.4 Syntheses of furan fused BODIPYs 137
56b: Dark brown solid, 0.39 g, yield 70%. Melting point 279 °C. 1HNMR (500MHz, CDCl3)
δ 8.18 (dd, J = 13.1, 5.7Hz, 2H), 7.72 (dd, J = 52.2, 7.8Hz, 2H), 7.64 – 7.48 (m, 4H), 7.48 –
7.34 (m, 6H), 7.34 – 7.29 (m, 2H), 7.17 (dd, J = 14.9, 8.0Hz, 2H), 3.68 (dd, J = 37.2, 28.7Hz,
6H). 13CNMR (126MHz, CDCl3) δ 145.90, 144.95, 144.01, 141.16, 140.09, 139.26, 138.44,
138.32, 132.87, 132.76, 132.40, 132.16, 131.49, 130.73, 129.43, 128.36, 128.25, 127.96,
127.52, 124.89, 124.17, 123.97, 122.64, 121.57, 121.42, 120.99, 120.87, 113.99, 113.89,
111.87, 110.17, 109.98, 32.82, 32.28. 19FNMR (282MHz, CDCl3) δ -122.98 (dd, J = 88.5,
43.5 Hz), -142.99 (dd, J = 91.0, 43.8Hz). ESI-MS m/z calcd. 559.4 for [C35H25BFN6]+,
found 559.5.
56c: Dark green solid, 0.41 g, yield 68%. Melting point 234 °C. 1HNMR (500MHz, CDCl3)
δ 8.30 (dd, J = 3.8, 0.7Hz, 2H), 8.16 (d, J = 8.2Hz, 2H), 8.08 (d, J = 8.0Hz, 2H), 7.53 –
7.47 (m, 4H), 7.40 (ddd, J = 8.0, 7.0, 0.9Hz, 2H), 0.43 (s, 9H). 13CNMR (126MHz, CDCl3)
δ 149.43, 144.81, 139.13, 136.00, 135.77, 135.49, 135.39, 132.82, 131.21, 130.41, 127.79,
124.70, 121.27, -0.15. 19FNMR (282MHz, CDCl3) δ -132.40 (dd). ESI-MS m/z calcd.
609.7 for [C31H31BFN4S2Si2]+, found 609.5.
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8.4.1 Syntheses of 58a–58g and 65a–65d
5-bromo-2-furaldehyde (20mmol), boronic acid (20mmol), Pd(dppf)Cl2 (0.4mmol) and sodium
carbonate (60mmol) are dissolved in a mixed solvent of 120ml toluene, 30ml ethanol and
30ml water. The system is heated to reﬂux and react for 6 h. The solvent is removed and the
raw product is dissolved in 300ml DCM. The solvent is washed by brine and the ﬁnal product
is obtained by ﬂash chromatography (silicon, eluent: DCM)
58a: light yellow solid (5.5 g, 89%). ESI-MS calcd. m/z 309.2 for [C13H7 F6O2]+, found
309.1. 1H NMR (500 MHz, CDCl3) δ 9.72 (s, 1H), 8.21 (s, 2H), 7.86 (s, 1H), 7.36 (d, J = 3.7
Hz, 1H), 7.03 (d, J = 3.7 Hz, 1H).
58b: light yellow solid, 4.5 g (yield: 93%). ESI-MS calcd. m/z 241.2 for [C12H8F3O2]+,
found 241.0. 1HNMR (500MHz, CDCl3) δ 9.68 (s, 1H), 7.90 (d, J = 8.1Hz, 2H), 7.68 (d, J =
8.2Hz, 2H), 7.33 (d, J = 3.7Hz, 1H), 6.93 (d, J = 3.7Hz, 1H).
58c: light yellow solid, 3.1 g (yield: 90%). ESI-MS calcd. m/z 173.1 for [C11H9O2]+, found
172.9. 1HNMR (500MHz, CDCl3) δ 9.64 (s, 1H), 7.82 (d, J = 7.1Hz, 2H), 7.44 (t, J = 7.3Hz,
2H), 7.39 (d, J = 7.2Hz, 1H), 7.31 (d, J = 3.7Hz, 1H), 6.83 (d, J = 3.7Hz, 1H).
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58d: pale yellow solid, 3.5 g (yield: 88%). ESI-MS calcd. m/z 201.2 for [C13H13O2]+, found
201.1. 1HNMR (500MHz, CDCl3) δ 9.66 (s, 1H), 7.36 (d, J = 3.6Hz, 1H), 7.27 – 7.20 (m,
1H), 7.10 (d, J = 7.5Hz, 2H), 6.51 (d, J = 3.5Hz, 1H), 2.21 (s, 6H).
58e: yellow oil, 3.2 g (yield: 90%). ESI-MS calcd. m/z 179.2 for [C9H7O2S]+, found 179.0.
1HNMR (500MHz, CDCl3) δ 9.57 (s, 1H), 7.48 (dd, J = 3.7, 1.1Hz, 1H), 7.37 (dd, J = 5.0,
1.1Hz, 1H), 7.25 (d, J = 3.7Hz, 1H), 7.07 (dd, J = 5.0, 3.7Hz, 1H), 6.64 (d, J = 3.7Hz, 1H).
58f: light yellow solid, 3.3 g (yield: 90%). ESI-MS calcd. m/z 187.2 for [C12H11O2]+, found
187.0. 1HNMR (500MHz, CDCl3) δ 9.61 (s, 1H), 7.76 – 7.67 (m, 2H), 7.29 (d, J = 3.7Hz,
1H), 7.25 – 7.19 (m, 2H), 6.77 (d, J = 3.7Hz, 1H), 2.38 (s, 3H).
58g: orange oil, 3.7 g (yield: 92%). ESI-MS calcd. m/z 203.2 for [C12H11O3]+, found 203.1.
1HNMR (500MHz, CDCl3) δ 9.44 (s, 1H), 7.61 – 7.53 (m, 2H), 7.16 (d, J = 3.7Hz, 1H), 6.83
– 6.74 (m, 2H), 6.56 (d, J = 3.7Hz, 1H), 3.68 (s, 3H).
65a: light yellow solid, 3.4 g (yield: 85%), ESI-MS calcd. m/z 201.1 for [C13H13O2]+, found
201.0. 1HNMR (500MHz, CDCl3) δ 9.60 (s, 1H), 7.78 – 7.65 (m, 2H), 7.29 (d, J = 3.7Hz,
1H), 7.25 (d, J = 8.4Hz, 2H), 6.77 (d, J = 3.7Hz, 1H), 2.67 (q, J = 7.6Hz, 2H), 1.24 (t, J =
7.6Hz, 3H).
65b: light yellow solid, 3.7 g (yield: 87%), ESI-MS calcd. m/z 215.3 for [C14H15O2]+, found
215.1. 1HNMR (500MHz, CDCl3) δ 9.49 (s, 1H), 7.65 – 7.54 (m, 2H), 7.19 – 7.16 (m, 2H),
7.15 (d, J = 1.4Hz, 1H), 6.65 (d, J = 3.7Hz, 1H), 2.79 (dq, J = 13.8, 6.9Hz, 1H), 1.14 (d, J =
6.9Hz, 6H).
65c: light yellow oil, 3.5 g (yield: 90%), ESI-MS calcd. m/z 193.2 for [C10H9O2S]+, found
193.0. 1HNMR (300MHz, CDCl3) δ 9.50 (s, 1H), 7.25 (d, J = 3.6Hz, 1H), 7.19 (d, J = 3.7Hz,
1H), 6.70 – 6.64 (m, 1H), 6.49 (d, J = 3.7Hz, 1H), 2.45 (d, J = 0.7Hz, 3H).
65d: light yellow oil, 3.4 g (yield: 82%), ESI-MS calcd. m/z 207.2 for [C11H11O2S]+, found
207.0. 1HNMR (300MHz, CDCl3) δ 9.51 (s, 1H), 7.28 (d, J = 3.7Hz, 1H), 7.20 (d, J = 3.7Hz,
1H), 6.72 (dt, J = 3.7, 1.0Hz, 1H), 6.51 (d, J = 3.7Hz, 1H), 2.81 (qd, J = 7.5, 0.8Hz, 2H), 1.27
(t, J = 7.5Hz, 3H).
8.4.2 Syntheses of 60a–60g and 67a–67d
Anhydrous MeOH (20ml) is added into a ﬂask with sodium (0.46 g, 10mmol) under nitrogen
atmosphere and the solution is stirred at room temperature until no sodium is left. A mixed
solution or suspension of the corresponding 5-aryl-2furaldehyde (58 or 65, 10mmol) and
methyl azidoacetate (3.5 g, 30mmol) is added into the freshly prepared NaOMe solution at
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0 °C dropwise and the mixture is kept stirring at room temperature for 6 h. Then, the mixture
is poured into excess of cold water and neutralized by saturated NH4Cl aqueous solution.
The orange cottony solid precipitate 59 or 66 is collected by ﬁltering and dissolved in around
150ml toluene. The toluene solution is heated to reﬂux for 12 h. Afterward, the organic
solvent is removed under vacuum and the dark red residue is washed by cool eather. The ﬁnal
product is isolated by ﬁltering. For 60d specially, the mentioned procedure is not applicable.
It is used in the following reaction without any puriﬁcation or characterization.
60a: orange solid, 2.0 g (yield: 52%), ESI-MS calcd. m/z 378.2 for [C16H10F6NO3]+ , found
378.1. 1HNMR (500MHz, DMSO) δ 11.99 (s, 1H), 8.39 (s, 2H), 7.96 (s, 1H), 7.67 (s, J =
0.7Hz, 1H), 6.82 (s, 1H), 3.80 (s, 3H).
60b: pale yellow solid, 1.7 g (yield: 55%). ESI-MS calcd. m/z 310.2 for [C15H11F3NO3]+,
found 310.1. 1HNMR (500MHz, DMSO) δ 11.93 (s, 1H), 8.00 (d, J = 8.5Hz, 2H), 7.77 (d, J
= 8.6Hz, 2H), 7.38 (s, 1H), 6.82 (s, 1H), 3.80 (s, 3H).
60c: pale yellow solid, 1.4 g (yield: 57%). ESI-MS calcd. m/z 242.2 for [C14H12NO3]+,
found 242.1. 1HNMR (500MHz, DMSO) δ 11.80 (s, 1H), 7.78 (dd, J = 8.3, 1.1Hz, 2H), 7.41
(dd, J = 10.8, 4.8Hz, 2H), 7.32 – 7.26 (m, 1H), 7.13 (s, 1H), 6.77 (d, J = 0.8Hz, 1H), 3.77 (s,
3H).
60e: orange solid, 1.2 g (yield: 49%). ESI-MS calcd. m/z 246.2 for [C12H8NO3S]- , found
245.8. 1H NMR (500MHz, DMSO) δ 11.78 (s, 1H), 7.55 (dd, J = 5.0, 1.0Hz, 1H), 7.49 (dd,
J = 3.6, 1.0Hz, 1H), 7.12 (dd, J = 5.0, 3.7Hz, 1H), 6.92 (s, 1H), 6.76 (s, 1H), 3.76 (s, 3H).
60f: pale yellow solid, 1.3 g (yield: 51%). ESI-MS calcd. m/z 256.3 for [C15H14NO3]+,
found 256.1. 1HNMR (500MHz, DMSO) δ 11.78 (s, 1H), 7.70 (d, J = 8.2 Hz, 2H), 7.24 (d,
J = 8.0Hz, 2H), 7.07 (d, J = 0.7Hz, 1H), 6.78 (dd, J = 1.6, 0.8Hz, 1H), 3.79 (s, 3H), 2.32 (s,
3H).
60g: pale yellow solid, 1.1 g (yield: 41%). ESI-MS calcd. m/z 272.3 for [C15H14NO4]+,
found 272.1. 1HNMR (500MHz, DMSO) δ 11.75 (s, 1H), 7.74 (d, J = 8.9Hz, 2H), 7.00 (d, J
= 9.0Hz, 3H), 6.77 (d, J = 0.7Hz, 1H), 3.79 (s, 3H), 3.79 (s, 3H).
67a: pale yellow solid, 1.5 g (yield: 55%). ESI-MS calcd. m/z 270.1 for [C16H16NO3]+,
found 270.1. 1HNMR (500MHz, DMSO) δ 11.78 (s, 1H), 7.73 – 7.68 (m, 2H), 7.27 (d, J =
8.3Hz, 2H), 7.08 (d, J = 0.6Hz, 1H), 6.78 (dd, J = 1.6, 0.8Hz, 1H), 3.79 (s, 3H), 2.62 (q, J =
7.6Hz, 2H), 1.19 (t, J = 7.6Hz, 3H).
67b: pale yellow solid, 1.4 g (yield: 48%). ESI-MS calcd. m/z 284.1 for [C17H18NO3]+,
found 284.1. 1HNMR (300MHz, DMSO) δ 11.80 (s, 1H), 7.74 (d, J = 8.3Hz, 2H), 7.31 (d, J
= 8.3Hz, 2H), 7.09 (s, 1H), 6.80 (s, 1H), 3.81 (s, 3H), 2.91 (dt, J = 13.8, 6.9Hz, 1H), 1.22 (d,
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J = 6.9Hz, 6H).
67c: orange solid, 1.41 g (yield: 53%). ESI-MS calcd. m/z 262.3 for [C13H12NO3S]+, found
262.1. 1HNMR (300MHz, DMSO) δ 11.78 (s, 1H), 7.31 (d, J = 3.6Hz, 1H), 6.88 – 6.82 (m,
2H), 6.78 (dd, J = 1.6, 0.8Hz, 1H), 3.80 (s, 3H), 2.48 (s, 3H).
67d: orange solid, 1.6 g (yield: 58%). ESI-MS calcd.m/z 276.3 for [C14H14NO3S]+, found
276.1. 1HNMR (500MHz, DMSO) δ 11.77 (s, 1H), 7.32 (d, J = 3.6Hz, 1H), 6.87 (dt, J = 3.6,
0.9Hz, 1H), 6.84 (d, J = 0.6Hz, 1H), 6.77 (dd, J = 1.6, 0.9Hz, 1H), 3.78 (s, 3H), 2.88 – 2.79
(m, 2H), 1.26 (t, J = 7.5Hz, 3H).
8.4.3 Syntheses of 61a–61g and 68a–68d
The corresponding ester 60 or 67 (10mmol) is dissolved in 100ml ethanol and stirred at
reﬂux for 10min. Then, 40ml aqueous solution of NaOH (6.0 g, 150 mmol) is added the
solution at reﬂux dropwise. The mixture is kept at reﬂux for 1 h. A suspension is formed
and is poured into excess of cold water. The excess amount of NaOH is neutralized by HCl
aqueous solution. The precipitation is collected by ﬁltering, giving the ﬁnal product as gray
or brown solid, which is dried completely in vacuum oven. For 61d specially, the mentioned
procedure is not applicable. It is used in the following reaction without any puriﬁcation or
characterization.
61a: light grey solid, 3.5 g (yield: 96%). ESI-MS calcd. m/z 362.2 for [C15H6F6NO3]- ,
found 361.8. 1HNMR (500MHz, DMSO) δ 11.82 (s, 1H), 8.39 (s, 2H), 7.95 (s, 1H), 7.66 (s,
1H), 6.75 (s, 1H). 19FNMR (282MHz, DMSO) δ -62.18 (s).
61b: white solid, 2.7 g (yield: 92%). ESI-MS m/z calcd. 294.2 for [C14H7F3NO3]- , found
293.8. 1HNMR (500MHz, DMSO) δ 11.71 (s, 1H), 7.99 (d, J = 8.2Hz, 2H), 7.76 (d, J =
8.4Hz, 2H), 7.34 (s, 1H), 6.75 (s, 1H). 19FNMR (282MHz, DMSO) δ -61.61 (s).
61c: grey solid, 2.0 g (yield: 86%). ESI-MS calcd. m/z 228.2 for [C13H10NO3]+, found
227.9. 1HNMR (500MHz, DMSO) δ 12.39 (s, 1H), 11.61 (s, 1H), 7.77 (dd, J = 8.3, 1.1Hz,
2H), 7.40 (dd, J = 10.8, 4.9Hz, 2H), 7.32 – 7.22 (m, 1H), 7.11 (d, J = 0.6Hz, 1H), 6.71 (dd, J
= 1.6, 0.8Hz, 1H).
61e: grey solid, 2.1 g (yield: 90%). ESI-MS m/z calculated for [C11H6NO3S]+ 232.2, found
231.7. 1H NMR (500MHz, DMSO) δ 11.62 (s, 1H), 7.59 – 7.53 (m, 1H), 7.49 (dd, J = 3.6,
0.8Hz, 1H), 7.13 (dd, J = 5.0, 3.7Hz, 1H), 6.92 (s, 1H), 6.71 (s, 1H).
61f: brown solid, 2.0 g (yield: 83%). ESI-MS calcd. m/z 242.2 for [C14H12NO3]+, found
242.0. 1HNMR (500MHz, DMSO) δ 12.38 (s, 1H), 11.58 (s, 1H), 7.69 (d, J = 8.2Hz, 2H),
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7.24 (d, J = 8.0Hz, 2H), 7.05 (d, J = 0.5Hz, 1H), 6.71 (dd, J = 1.6, 0.8Hz, 1H), 2.32 (s, 3H).
61g: grey solid, 2.2 g (yield: 90%) ESI-MS calcd. m/z 258.2 for [C14H12NO4]+, found 258.1.
1HNMR (500MHz, DMSO) δ 11.42 (s, 1H), 7.74 – 7.70 (m, 2H), 7.02 – 6.97 (m, 2H), 6.93
(d, J = 0.8Hz, 1H), 6.63 (s, 1H), 3.79 (s, 3H).
68a: grey solid, 2.3 g (yield: 90%). ESI-MS calcd. m/z 256.3 for [C15H14NO3]+, found
256.1. 1HNMR (500MHz, DMSO) δ 12.35 (s, 1H), 11.57 (s, 1H), 7.73 – 7.64 (m, 2H), 7.24
(d, J = 8.4Hz, 2H), 7.02 (d, J = 0.7Hz, 1H), 6.69 (dd, J = 1.6, 0.8Hz, 1H), 2.59 (q, J = 7.6Hz,
2H), 1.16 (t, J = 7.6Hz, 3H).
68b: grey solid, 2.4 g (yield: 87%). ESI-MS calcd. m/z 270.3 for [C16H16NO3]+, found
270.1. 1HNMR (300MHz, DMSO) δ 12.38 (s, 1H), 11.61 (s, 1H), 7.73 (d, J = 8.3 Hz, 2H),
7.31 (d, J = 8.3Hz, 2H), 7.06 (d, J = 0.6Hz, 1H), 6.73 (dd, J = 1.6, 0.8Hz, 1H), 2.91 (dt, J =
13.7, 6.9Hz, 1H), 1.22 (d, J = 6.9Hz, 7H).
68c: brown solid, 2.2 g (yield: 89%). ESI-MS calcd.m/z 248.3 for [C12H10NO3S]+, found
248.0.1HNMR (300MHz, DMSO) δ 12.38 (s, 1H), 11.59 (s, 1H), 7.29 (d, J = 3.6Hz, 1H),
6.84 (dd, J = 3.6, 1.1Hz, 1H), 6.81 (s, 1H), 6.71 (dd, J = 1.6, 0.8Hz, 1H), 2.48 (s, 3H).
68d: grey solid, 2.3 g (yield: 87%). ESI-MS calcd. m/z 262.3 for [C13H12NO3S]+, found
262.1. 1HNMR (500MHz, DMSO) δ 12.35 (s, 1H), 11.55 (s, 1H), 7.27 (d, J = 3.6Hz, 1H),
6.83 (d, J = 3.6Hz, 1H), 6.78 (s, 1H), 6.67 (dd, J = 1.6, 0.9Hz, 1H), 2.80 (q, J = 7.5Hz, 2H),
1.23 (t, J = 7.5Hz, 3H).
8.4.4 Syntheses of 62a–62g and 69a–69d
The corresponding acid 61 or 68 (2mmol) is added to 30ml TFA and stirred at 40 °C for
10min to form a suspension. Then, 6ml of TFA anhydride is added dropwise and the reaction
mixture turns into light green. Heat the system to reﬂux for 1 h until an intense color appears.
Pour the mixture into excess amount of cold water and neutralize by sodium carbonate. The
raw material is extracted by DCM and ﬂash column chromatography (silicon, eluent: DCM)
is performed to give the ﬁnal product.
62a: green glossy solid, 0.82 g (yield: 57%). ESI-MSm/z calcd. 717.4 for [C30H12F15N2O2]+,
found 717.2. 1HNMR (500MHz, CD2Cl2) δ 8.26 (s, 4H), 7.89 (s, 2H), 7.41 (s, 2H), 6.76 (s,
2H). 19FNMR (282MHz, CDCl3) δ -53.16 (s), -63.75 (s).
62b: green glossy solid, 0.64 g (yield: 55%). ESI-MSm/z calcd. 581.4 for [C28H14F9N2O2]+,
found 581.2. 1HNMR (500MHz, CDCl3) δ 13.33 (s, 1H), 7.88 (d, J = 8.2Hz, 4H), 7.69 (d,
J = 8.2Hz, 4H), 6.76 (s, 2H), 6.73 (s, 2H). 19FNMR (282MHz, CDCl3) δ -53.11 (s), -63.46
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(s).
62c: dark purple solid, 0.37 g (yield: 42%). ESI-MS calcd.m/z 445.4 for [C26H16F3N2O2]+,
found 445.2. 1HNMR (500MHz, CDCl3) δ 13.36 (s, 1H), 7.82 – 7.76 (m, 4H), 7.49 – 7.42
(m, 4H), 7.42 – 7.36 (m, 2H), 6.69 (d, J = 1.8Hz, 2H), 6.66 (s, 2H). 19FNMR (282MHz,
CDCl3) δ -53.06 (s).
62d: dark purple solid, 0.48 g (yield: 48%). ESI-MS m/z calcd. 501.6 for [C30H23F3N2O2]+,
found 501.3. 1HNMR (500MHz, CDCl3) δ 7.26 (t, 2H), 7.13 (d, J = 7.5Hz, 4H), 6.73 – 6.67
(m, 2H), 6.30 (d, J = 0.9Hz, 2H), 2.38 – 2.28 (s, 12H). 19FNMR (282MHz, CDCl3) δ -53.16
(s).
62e: dark purple solid, 0.41 g (yield: 45%). ESI-MSm/z calcd. 457.5 for [C22H12F3N2O2S2]+,
found 457.1. 1HNMR (500MHz, CDCl3) δ 13.35 (s, 1H), 7.51 (dd, J = 3.7, 1.0Hz, 1H), 7.43
(dd, J = 5.0, 1.0Hz, 1H), 7.12 (dd, J = 5.0, 3.7Hz, 1H), 6.67 – 6.62 (m, 1H), 6.49 (d, J =
0.8Hz, 1H). 19FNMR (282MHz, CDCl3) δ -53.11 (s).
62f: dark purple solid, 0.46 g (yield: 49%). ESI-MS calcd. m/z 473.5 for [C28H20F3N2O2]+,
found 473.3. 1HNMR (500MHz, CDCl3) δ 13.36 (s, 1H), 7.68 (d, J = 8.2Hz, 4H), 7.25 (d,
J = 1.8Hz, 2H), 7.24 (s, 2H), 6.66 (d, J = 1.9Hz, 2H), 6.59 (s, 2H), 2.40 (s, 6H). 19FNMR
(282MHz, CDCl3) δ -53.04 (s).
62g: dark purple solid, 0.45 g (yield: 45%). ESI-MS calcd. m/z 505.4 for [C28H20F3N2O4]+,
found 505.1. 1HNMR (500MHz, CDCl3) δ 13.33 (s, 1H), 7.75 – 7.71 (m, 4H), 6.98 – 6.93
(m, 4H), 6.66 – 6.63 (m, 2H), 6.52 (d, J = 0.8Hz, 2H), 3.86 (s, 6H). 19FNMR (282MHz,
CDCl3) δ -53.02 (s).
69a: dark purple solid, 0.5 g (yield:51%). ESI-MS calcd. m/z 501.2 for [C30H24F3N2O2]+,
found 501.3. 1HNMR (500MHz, CDCl3) δ 7.71 (d, J = 8.3 Hz, 4H), 7.28 (d, J = 8.4Hz, 4H),
6.67 (td, J = 2.4, 1.6Hz, 2H), 6.61 (d, J = 0.8Hz, 2H), 2.70 (q, J = 7.6Hz, 4H), 1.26 (t, J =
7.6Hz, 6H). 19FNMR (282MHz, CDCl3) δ -53.04 (s).
69b: dark purple solid, 0.53 g (yield: 50%). ESI-MS calcd.m/z 529.2 for [C32H28F3N2O2]+,
found 529.3. 1HNMR (300MHz, CDCl3) δ 7.66 (d, J = 8.4Hz, 4H), 7.25 (d, J = 8.3Hz, 4H),
6.66 – 6.58 (m, 2H), 6.55 (d, J = 0.7Hz, 2H), 2.89 (dt, J = 13.8, 6.9Hz, 2H), 1.22 (d, J =
6.9Hz, 12H). 19FNMR (282MHz, CDCl3) δ -53.05 (s).
69c: dark purple solid, 0.47 g (yield: 49%). ESI-MS calcd. m/z 485.1 for [C24H16F3N2O2S2]+,
found 485.2. 1HNMR (500MHz, CDCl3) δ 7.30 (d, J = 3.6Hz, 2H), 6.77 (dd, J = 3.7, 1.0Hz,
2H), 6.62 – 6.57 (m, 2H), 6.36 (s, 2H), 2.53 (s, 6H). 19FNMR (282MHz, CDCl3) δ -53.08
(s).
69d: dark purple solid, 0.53 g (yield: 52%). ESI-MS calcd. m/z 513.1 for [C26H20F3N2O2S2]+,
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found 513.3. 1HNMR (500MHz, CDCl3) δ 7.33 (d, J = 3.7Hz, 2H), 6.81 (dd, J = 2.8, 0.9Hz,
2H), 6.61 (td, J = 2.4, 1.5Hz, 2H), 6.38 (d, J = 0.7Hz, 2H), 2.89 (q, J = 7.5Hz, 4H), 1.34 (t, J
= 7.5Hz, 6H). 19FNMR (282MHz, CDCl3) δ -53.08 (s).
8.4.5 Syntheses of 71a and 71b
The dried 61g (2mmol, 0.51 g) is added into 30ml of pentaﬂuoropropionic acid (for 71a) or
heptaﬂuorobutyric acid (for 71b) and heat at 40 °C for 10min. Then, 6ml of pentaﬂuoropro-
pionic anhydride (for 71a) or heptaﬂuorobutyric anhydride (for 71b) is added dropwise and
the reaction mixture turns into light green. Heat the system to reﬂux for 1 h until an intense
color appears. Pour the mixture into excess amount of cold water and neutralize by sodium
carbonate. The raw material is extracted by DCM and ﬂash column chromatography (silicon,
eluent: DCM) is performed to give the ﬁnal product.
71a: dark purple solid, 0.47 g (yield: 42%). ESI-MS calcd. m/z 555.1 for [C29H20F5N2O4]+,
found 555.3. 1HNMR (300MHz, CDCl3) δ 7.67 (d, J = 8.9Hz, 4H), 6.90 (d, J = 8.9Hz, 4H),
6.51 (s, 2H), 6.46 (s, 2H), 3.81 (s, 6H). 19FNMR (282MHz, CDCl3) δ -53.03 (s), -69.09 (s).
71b: dark purple solid, 0.48 g (yield: 40%). ESI-MS calcd. m/z 605.1 for [C30H20F7N2O4]+,
found 605.3. 1HNMR (300MHz, CDCl3) δ 7.72 – 7.63 (m, 4H), 6.96 – 6.84 (m, 4H), 6.48 (s,
2H), 6.46 (s, 2H), 3.81 (s, 6H). 19FNMR (282MHz, CDCl3) δ -80.41 (t, J = 10.6Hz), -99.39
(q, J = 10.3Hz), -124.11 – -124.89 (m).
8.4.6 Syntheses of 63a–63g, 70a–70d, 72a and 72b
The corresponding BODIPY precursor 62, 69 or 71 (1mmol) is dissolved in 200ml anhydrous
DCM at room temperature and the organic base DIPEA (15mmol, 1.9 g, 2.6ml) is added into
the solution dropwise. The mixture is stirred at room temperature for 1 h. Then, boron triﬂuo-
ride etherate (15mmol, 2.1 g, 1.9ml) is added dropwise and the color change can be observed.
After stirring at room temperature for another 1 h, the solution is poured into excess amount
of water and extracted by DCM. Flash column chromatography (silicon, eluent: DCM) is
performed to provide the ﬁnal BODIPY dye.
63a: dark green solid, 0.46 g (yield: 62%). ESI-MS calcd. m/z 745.2 for [C30H10BF16N2O2]+,
found 745.2. 1HNMR (500MHz, CDCl3) δ 8.26 (s, 4H), 7.93 (s, 2H), 7.15 (s, 2H), 6.91 (s,
2H). 19FNMR (282MHz, CDCl3) δ -54.92 (s), -63.79 (s), -148.85 (dd, J = 54.8, 27.6Hz).
63b: dark green solid, 0.40 g (yield: 65%). ESI-MS calcd. m/z 609.2 for [C28H12BF10N2O2]+
, found 609.2. 1HNMR (500MHz, CDCl3) δ 7.95 (d, J = 8.2Hz, 1H), 7.74 (d, J = 8.3Hz,
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1H), 7.05 (s, 0H), 6.86 (s, 1H). 19FNMR (282MHz, CDCl3) δ -54.95 (s), -63.62 (s), -149.17
(dd, J = 55.7, 28.0Hz).
63c: green solid, 0.65 g (yield: 66%). ESI-MS calcd. m/z 473.2 for [C26H14BF4N2O2]+,
found 473.1. 1HNMR (500MHz, CDCl3) δ 7.84 (dd, J = 8.0, 1.6Hz, 4H), 7.52 – 7.42 (m,
6H), 6.94 (d, J = 0.6Hz, 2H), 6.78 (d, J = 1.5Hz, 2H). 19FNMR (282MHz, CDCl3) δ -55.00
(s), -149.37 (dd, J = 56.3, 28.1Hz).
63d: green solid, 0.34 g (yield: 64%). ESI-MS calcd. m/z 529.2 for [C30H22BF4N2O2]+,
found 529.3. 1HNMR (500MHz, CDCl3) δ 7.31 – 7.26 (m, 2H), 7.14 (d, J = 7.6Hz, 4H),
6.83 (d, J = 1.4Hz, 2H), 6.57 (d, J = 0.7Hz, 2H), 2.34 (s, 12H). 19FNMR (282MHz, CDCl3)
δ -54.99 (s), -149.59 (dd, J = 56.0, 27.9Hz).
63e: green solid, 0.33 g (yield: 68%). ESI-MS calcd. m/z 485.3 for [C22H10BF4N2O2S2]+ ,
found 485.1. 1H NMR (500MHz, CDCl3) δ 7.61 (dd, J = 3.8, 1.0Hz, 2H), 7.54 (dd, J = 4.9,
1.0Hz, 2H), 7.17 (dd, J = 4.9, 3.8Hz, 2H), 6.77 (s, 2H), 6.73 (s, 2H). 19FNMR (282MHz,
CDCl3) δ -55.07 (s), -149.37 (dd, J = 56.3, 28.1Hz).
63f: green solid, 0.72 g (yield: 69%). ESI-MS calcd. m/z 501.3 for [C28H18BF4N2O2]+,
found 501.3. 1HNMR (500MHz, CDCl3) δ 7.73 (d, J = 8.2Hz, 4H), 7.28 (d, J = 8.0Hz, 4H),
6.88 (s, 2H), 6.74 (d, J = 1.5Hz, 2H), 2.42 (s, 6H). 19FNMR (282MHz, CDCl3) δ -55.02 (s),
-149.43 (dd, J = 56.5, 28.2Hz).
63g: dark green solid, 0.68 g (yield: 62%). ESI-MS calcd. m/z 533.2 for [C28H18BF4N2O4]+,
found 533.1. 1HNMR (300MHz, CDCl3) δ 7.73 (d, J = 8.9Hz, 4H), 6.93 (d, J = 9.0Hz, 4H),
6.75 (s, 2H), 6.66 (s, 2H), 3.83 (s, 6H). 19FNMR (282MHz, CDCl3) δ -55.06 (s), -149.49 (dd,
J = 56.9, 28.0Hz).
70a: green solid, 0.36 g (yield: 68%). ESI-MS calcd. m/z 529.2 for [C30H22BF4N2O2]+,
found 529.3. 1HNMR (500MHz, CDCl3) δ 7.76 (d, J = 8.3Hz, 4H), 7.31 (d, J = 8.4Hz, 4H),
6.89 (d, J = 0.5Hz, 2H), 6.75 (d, J = 1.5Hz, 2H), 2.71 (q, J = 7.6Hz, 4H), 1.27 (t, J = 7.6Hz,
6H). 19FNMR (282MHz, CDCl3) δ -55.02 (s), -149.44 (dd, J = 56.5, 28.1Hz).
70b: green solid, 0.37 g (yield: 66%). ESI-MS calcd. m/z 557.2 for [C32H26BF4N2O2]+,
found 557.3. 1HNMR (300MHz, CDCl3) δ 7.71 (d, J = 8.4Hz, 4H), 7.28 (d, J = 8.4Hz, 4H),
6.83 (s, 2H), 6.70 (d, J = 1.7Hz, 2H), 2.91 (dt, J = 13.8, 6.9Hz, 2H), 1.23 (d, J = 6.9Hz, 12H).
19FNMR (282MHz, CDCl3) δ -55.02 (s), -149.45 (dd, J = 56.4, 28.2Hz).
70c: green solid, 0.29 g (yield: 57%). ESI-MS calcd. m/z 513.1 for [C24H14BF4N2O2S2]+,
found 513.2. 1HNMR (500MHz, CDCl3) δ 7.43 (d, J = 3.7Hz, 1H), 6.84 (dd, J = 3.7, 1.0Hz,
1H), 6.69 (s, 1H), 6.67 (s, 1H), 2.58 (s, 3H). 19FNMR (282MHz, CDCl3) δ -55.10 (s), -149.45
(dd, J = 56.7, 28.4Hz).
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70d: green solid, 0.32 g (yield: 59%). ESI-MS calcd. m/z 541.1 for [C26H18BF4N2O2S2]+,
found 541.2. 1HNMR (500MHz, CDCl3) δ 7.43 (d, J = 3.8Hz, 1H), 6.86 (d, J = 3.8Hz,
1H), 6.67 (d, J = 1.8Hz, 1H), 6.66 (s, 1H), 2.91 (q, J = 7.5Hz, 2H), 1.36 (t, J = 7.5Hz, 3H).
19FNMR (282MHz, CDCl3) δ -55.09 (s), -149.46 (dd, J = 56.7, 28.3Hz).
72a: dark purple solid, 0.4g (yield: 69%). ESI-MS calcd. m/z 583.1 for [C29H18BF6N2O4]+,
found 583.3. 1HNMR (300MHz, CDCl3) δ 7.77 – 7.65 (m, 4H), 6.99 – 6.88 (m, 4H), 6.74 (s,
2H), 6.58 (s, 2H), 3.82 (s, 6H). 19FNMR (282MHz, CDCl3) δ -84.19 (t, J = 2.6Hz), -105.91
(d, J = 2.6Hz), -149.48 (dd, J = 56.5, 28.0Hz).
72b: dark purple solid, 0.4g (yield: 63%). ESI-MS calcd. m/z 633.1 for [C30H18BF8N2O4]+,
found 633.2. 1HNMR (500MHz, CDCl3) δ 7.83 – 7.75 (m, 4H), 7.04 – 6.95 (m, 4H), 6.81 (s,
2H), 6.62 (s, 2H), 3.88 (s, 6H). 19FNMR (282MHz, CDCl3) δ -79.68 (d, J = 10.5Hz), -102.04
(d, J = 10.9Hz), -124.44 (s), -148.91 (dd, J = 56.2, 27.8Hz).
8.5 Fabrication and characterization of solar cells
8.5.1 Device Fabrication
Single junction OSCs are prepared on glass substrates pre-structured with 90 nm indium tin
oxide (ITO) electrodes (26Ω sq−1, 84% transparency, Thin ﬁlm devices, US). The stack is
deposited for four individual devices with an active area of 6.44mm2 each and the reﬂecting
back contact is deposited through patterned shadow masks. All the organic materials are
puriﬁed by vacuum gradient sublimation before the device process. Thermal evaporation is
performed in high-vacuum chambers (K. J. Lesker, UK, p≤10−7 mbar) at deposition rates
between 0.1-0.3Å/s for the BHJ active layer and appr. 0.6Å/s for the buffer layers and doping
layers, which are monitored by the quartz crystal micro balances mounted inside the chambers.
For controlling the substrate temperature during the fabrication, four 50W halogen lamps are
placed over the substrate and the temperature is set with an uncertainty of ±5K. The freshly
deposited devices are transferred under the nitrogen atmosphere into the glovebox to prevent
the degradation by oxygen and water, and the glass-glass encapsulation is performed as the
ﬁnal step of the device fabrication. The glass cover is ﬁxed by UV hardened epoxy glue and a
moisture getter (Dynic Ltd., China) is placed between the cover glass and the solar cell.
Primary optimization of all layer thicknesses in TSC is done using an optical transfer matrix
algorithm which takes optical cavity effects into account. To achieve the highest overall cur-
rent and an optimal current matching of the sub-cells, an asymptotic convergence algorithm is
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used by varying the thicknesses of the optical spacers. According to the calculated layer thick-
nesses in the TSC, a nip-nip architecture fabricated by thermal evaporation on a glass substrate
with pre-structured ITO electrodes served as substrate. The deposition of the organic layers
are exactly the same as for the procedure of the single junction device. As the top electrode
100 nm Ag is used due to its higher reﬂectivity compared to Al. To prevent diffusion of Ag
into the lower lying organic layers the metal blocker BPhen is used in a mixed layer with Cs
(1:1 vol.%). The 1 nm inter-layer of Au has proven to improve the device performance and
stability. The cross section between the ITO bottom electrode and the Ag top electrode deﬁnes
the size of the active area being 6.44 mm2.
8.5.2 Device Characterization
For the characterization of the single junction OSCs, the EQE is measured ﬁrst according to
the equation:
SR(λ ) =
J(λ )
Iill(λ )
=
eλ
hc
EQE(λ ) (8.5.1)
where the spectra response (SR) is experimentally accessed as the ration of current density
(J(λ )) and illumination intensity (Iill(λ )). The monochromatic light is generated by a Xenon
lamp (Apex Illuminator) mounted with a chopper wheel that rotates at a frequency of 230Hz
and a Cornerstone 260 1/4 m monochromator (Newport Oriel, USA), illuminating the solar
cell through a 2.89mm2 mask. The current response was measured by an SR 7265 lock-in
ampliﬁer (Signal Recovery, USA) after the ampliﬁcation and conversion into voltage signal.
The lock-in ampliﬁer receives the modulation frequency from the chopper wheel. The inten-
sity of the different wavelengths is determined by a Hamamatsu S1337-33BQ Si-photodiode
(Hamamatsu-Photonics, Japan) directly before the actual measurement. As the EQE is mea-
sured without bias illumination at low intensities, the current density derived from the EQE is
overestimated. Thus, the EQE spectra are normalized to the current density measured under
mismatch correction of 1 sun illumination condition.
The illuminated J−V curves are recorded under AM 1.5g illumination provided by a sun sim-
ulator (16S-003-300-AM1.5, SOLAR LIGHT CO., USA). The intensity was monitored by a
Hamamatsu S1337-33BQ Si-photodiode (Hamamatsu-Photonics, Japan). Electrical measure-
ments are performed with a Keithley 2400 SMU. The spectral irradiance of the sun simulator is
determined using a CAS 140 CT spectrometer (Instrument Systems). The illumination inten-
sity for each device is recalculated after the measurements according to the mismatch factors
determined by the EQE measurements.
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For the sensitive EQE measurements, the light from a quartz halogen lamp (50W) is chopped
at a frequency of 140Hz and coupled by a monochromator (Cornerstone 260 1/m, Newport).
The monochromatic light is focused on the solar cell. The generated short-circuit current is
treated by a current pre-ampliﬁer and then analyzed using a lock-in ampliﬁer (7280 DSP, Sig-
nal Recovery, Oak Ridge, USA). In order to achieve a spectrum spanning over 5-7 decades,
a time constant of 1 s is chosen for the lock-in ampliﬁer and the ampliﬁcation of the pre-
ampliﬁer is increased to resolve low photocurrent. The EQE is obtained by dividing the
photocurrent generated by the device using the ﬂux of incoming photons obtained using a
calibrated Si/InGaAs photodiode.
For the characterization of the TSCs, the EQE is measured using a lock-in ampliﬁer (Sig-
nal Recovery SR 7265) detecting the frequency modulated current response generated by the
monochromatic, chopped illumination irradiance (Oriel Xe Arc-Lamp Apex Illuminator com-
bined with Cornerstone 260 1/4 m monochromator (Newport, USA)). For the measurement of
the illumination spectrum a mono-crystalline Si reference diode (S1337-33BQ, Hamamatsu,
Japan) is used. To resolve the sub-cells’ EQE spectra of the serial TSC, high-power LEDs
(Seoul Z-LED P4 with λmax=518 nm, FWHM=41 nm, and Roithner Lasertechnik H2W5-680
with λmax=689 nm, FWHM=23 nm) are used as the bias lights. For the measurement of the
J−V curves, a source measurement unit (Keithley SMU2400) is employed. The illumination
spectra are monitored with a mono-crystalline Si reference diode (S1337-33BQ, Hamamatsu,
Japan). For the serial TSC, we use a multi-source sun simulator with as much light sources
as there are sub-cells in the multi-junction to conduct a simultaneous mismatch correction
of the illumination spectrum, and provide simulated AM1.5G illumination at an irradiance
of 100mW/cm2 for both sub-cells. To provide adequate illumination for the front sub-cell a
white LED (LUXEON K2 LXK2-PWC4-0220) is used, and for the back sub-cell the Xenon
lamp sun simulator (16 S-003-300, Solarlight Company, Inc., USA) in conjunction with a long
pass ﬁlter (T=0.5 at 600 nm) is utilized.
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